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Abstract
UNIVERSITY of the WESTERN CAPE
FACULTY OF SCIENCE
DEPARTMENT OF BIOTECHNOLOGY
Doctor of Philosophy
by Jahanshah Ashkani
Self-incompatibility (SI) is a major mechanism that prevents inbreeding in flow-
ering plants, which was identified in Rosaceae, Solanaceae and Scrophulariace.
In these families, SI is gametophytic and retains inter-specific genetic variations
by out-crossing promotion. Self-incompatibility is genetically controlled by an S -
locus where both male (pollen) and female (pistil) S -determinants are encoded.
The female determinant (SRNase) has been extensively studied, whereas its male
counterpart (SLF/SFB) has only recently been characterized as a pollen-expressed
protein, which encodes for an F-box domain. However, the exact mechanism of in-
teraction between SLF/SFB and SRNase is still largely unclear in Rosaceae. This
study takes a closer look at the mechanism of self-incompatibility to gain a clearer
understanding of the ligand-receptor binding mechanism of SI using molecular
evolutionary analysis, structure prediction and binding specificity characteriza-
tion, the outcome of which, will translate into a guideline for future studies. The
major aims of this study were to derive an evolutionary pattern for GSI in Rosaceae
subfamilies and to further assess the collaborative non-self recognition in Malus ×
domestica Borkh.. The evolutionary analysis suggests a difference in the evolution-
ary pattern of Prunoideae and Maloideae S -genes, hence proposing a difference in
their GSI systems. Furthermore, sites responsible for this divergence are identified
as critical amino acids in GSI function. To maintain GSI it is expected that the
S -genes must be linked and co-evolve as a genetic unit. The results of this study
 
 
 
 
show that these genes have co-existed, while SRNase have experienced a higher
rate of evolution compared to SLF, thus rejecting the co-evolution of these genes
in Maloideae. Furthermore, positively selected sites of S -locus pistil and pollen
genes were identified that are likely to be responsible for specificity determination.
Different numbers of these sites are found for both S -genes, while SRNase holds
a larger number of positively selected sites. Additionally a model of specificity
is introduced that supports the collaborative non-self recognition in Malus GSI,
while critical sites responsible for such specificity are proposed and mapped to the
predicted ancestral tertiary structure of SRNase and SLF/SFB. The identification
of regions determining pollen pistil specificity as well as proposing a Collaborative
Non-self Recognition model for Malus × domestica Borkh. provide greater in-
sight into how pollen-pistil communication system works in Maloideae (Rosaceae
subfamily).
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Chapter 1. Introduction 2
“A man who dares to waste one hour of his life has not discovered the value of
life.”
Charles Robert Darwin
1.1 Plant reproduction
Flowering plants (angiosperms) are a diverse clade of green plants and one of the
most evolutionarily successful species, comprising of vast diversity with functional
and ecological versatility (Magallon and Castillo 2009; Magallon 2010). There
are an estimated 260 000 to 400 000 species described for angiosperms. Studies
suggest the age of angiosperms to be approximately 167-199 Mya, while their
diversification ranges from 0.078 to 0.090 net speciation events per million years
with younger clades demonstrating the highest diversification rate (Bell et al.
2010).
Rosaceae is a large angiosperm lineage with an estimated 3 000 species in 100
genera (Kalkman 2004). These include a clade of fruit trees that belong to the
subfamily Maloideae such as apple, pear, and quinces or Prunoideae subfamily
such as cherries, apricots, peaches, almond and plums, all of which are of great
economical significance (Lo and Donoghue 2012).
Among the Maloideae subfamily, apple (Malus × domestica Borkh.) is the most
economically important species worldwide. Apples are grown in various provinces
in South Africa, with Cape Town (located in the Western Cape) being the heart-
land of this fruit, due to its Mediterranean-like climate. South Africa is one of
the fastest growing fresh fruit markets in the world. Following the rapid growth
of the middle class (Based on the South African Advertising Research Foundation
(SAARF) (http://www.saarf.co.za) the fresh fruit market is growing rapidly with
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the most popular apples being the Granny Smith, Golden Delicious, Cripps Pink
and Topred (http://www.fas.usda.gov).
Besides the importance of fruits such as apple for human consumption, fruit for-
mation is an important aspect of plants’ reproductive cycle. Reproduction is a
biological process that produces individual organisms and is a crucial stage in the
life cycle of all organisms. Thus, it is necessary to understand how this process
is controlled. Studies have established variations and methods of reproduction
for most critical crops (Walbot 1985; Goldberg 1988). Sexuality and asexuality
are modes of reproduction for most plants, which can coexist in certain species
(Richards 2003).
Asexual reproduction in plants occurs when offsprings are produced from a single
parent, and does not involve meiosis and fertilization. Any variation in the off-
springs produced through this type of reproduction is expected to be the result of
somatic mutations. Asexual reproduction may occur either by budding, branching,
or tillering (vegetative reproduction) in flowering plants (Holsinger 2000).
Sexual reproduction on the other hand is a complex and highly regulated process in
the life cycle of plants, that leads to the formation of a new individual (Willemse
2003; Pua et al. 2010). The main advantage of sexual reproduction is that it
provides an opportunity for organisms to produce new combinations of genes by
allowing maternal and paternal genes to be transmitted to the next generation
(Fan et al. 2008). The predominance of sexual reproduction is an indication of
its profound benefits compared to the asexual mode of reproduction (Schurko et
al. 2009). A flowering plant goes through a process called alternation of gener-
ations that consists of two basic growth phases: vegetative (diploid sporophyte)
and reproductive (haploid gametophyte) (Acquaah 2007). The vegetative phase
involves the production of the vegetative organs such as stems, branches, leaves,
etc., while flowers are produced in the reproductive phase and are considered the
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reproductive organs in angiosperms (in which great variation is observed) (Barrett
2002).
1.1.1 Sexual reproduction systems
There are two kinds of pollen transfer or mating systems, namely cross-pollination
(allogamy) and self-pollination (autogamy). In cross-pollination, the flower ac-
cepts pollen from the anthers of another plant. In self-pollination the pollen is
transferred from the anther to the stigma of the same flower or to another flower
of the same plant (Acquaah 2007). Flowering plants are mainly bisexual, with
most species producing flowers that contain both female (pistil) and male (an-
ther) sexual organs. These sexual structures can be spatially separated in a flower
(herkogamy) or can function at different times (dichogamy), which reduces the
possibility of self-pollination (Barrett 2002). The failure of sexual crosses be-
tween genetically similar plants is referred to as incompatibility (Dellaporta and
Calderon-Urrea 1993). Self-incompatibility is an important system that prevents
inbreeding by ensuring a greater or lesser amount of out-crossing in a population
(Heslop-Harrison 1975).
1.2 Self-incompatibility (SI)
In bisexual flowering plants, where both the female and male reproductive organs
are present, there is a tendency for self-pollination that results in inbreeding if there
is no specific system to prevent it. Inbreeding often leads to reduced fitness in the
progeny e.g. increased susceptibility to disease and stress (Halasz et al. 2006;
Hua and Kao 2006; Hua et al. 2008). If the flowering plants did not have various
mechanisms to prevent self-pollination and promote out-crossing, the diverse plant
kingdom would not have existed (Barnes-Svarney 1999).
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Self-incompatibility is defined as the inability of a fertile hermaphrodite seed plant
to produce zygotes after self-pollination (de Nettancourt 2001). Self-incompatibility
involves the participation of both the pollen and pistil (East 1940), which plays
an important role in pollen recognition and rejection (Wheeler et al. 2001). It
allows the pistil of a flower to distinguish between genetically related (self) and
unrelated (non-self) pollen (Newbigin et al. 1993), which results in the inhibition
of germination and/or growth of self-pollen. Thus, self-incompatibility is a repro-
ductive barrier by which incompatible pollens or pollen tubes are prevented from
delivering the sperm cells to the ovary (Kao and Tsukamoto 2004). Therefore,
self-incompatibility is a significant factor in the evolutionary success of flowering
plants, since it promotes out-breeding and maintains genetic variability (White-
house 1950; Franklin-Tong and Franklin 2003; Waligorski and Szaleniec 2010).
Self-incompatibility is classified according to the time of gene action, association
with floral polymorphism, site of gene expression and number of genetic loci and
involvement of di- or poly-allelic series (de Nettancourt 2001). Based on the floral
polymorphism there are two types of self-incompatibilities, namely heteromorphic
or heterostyly, where anthers and stigmas are placed at different levels in the
flower and homomorphic, where anthers and stigmas are placed at the same level
(Allen and Hiscock 2008). Heteromorphically self-incompatible species produce
morphologically distinct flowers that provide a physical barrier for pollination
within each flower, while allowing out-crossing (Halasz et al. 2006). Most self-
incompatible systems are homomorphic and are widely distributed in angiosperm
families (Allen and Hiscock 2008).
1.2.1 Heteromorphic self-incompatibility
Heterostyly is a floral polymorphism with two morphological forms, namely distyly
and tristyly with the former having two types of floral structures; short style plus
high anther, thrum and long style plus short anther, pin (Fig.1.1(a)). Tristyly on
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the other hand consists of three groups categorized by the composition of long-,
mid- and short-styled flowers and anthers at two different heights that are not
related to the level of stigma (de Nettancourt 2001) (Fig.1.1(b)). The level of
the stigma in pin flowers corresponds to the level of the anthers in thrum flowers,
and vice versa. In distylus species, the long-styled (pin) form has a higher rate
of self-pollination and captures more total pollen than the short-styled (thrum)
form (Ganders 1979). In a population with heterostyly all pollinations are incom-
patible, except those that occur between stigmas and pollen at the same level (de
Nettancourt 2001) (Fig.1.1).
Tristyly is known to occur only in the Lythraceae, Oxalidaceae, and Pontederiaceae
(Ganders 1979). These floral morphologies show variations in style and filament
length, pollen grain size, and in the size of the stigmatic papillae and corolla
(Virillo et al. 2007). In addition, these plants have an incompatibility system
corresponding to the morphology of the flower in which fruits are produced only
in the intermorph crosses (Barrett 1990,1992).
Distyly on the other hand is much more common than tristyly and the combina-
tion of morphological (floral parts) and physiological (incompatibility) systems in
distylus species prevents selfing and maximizes male and female fitness (Lloyd and
Webb 1992).
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(a) Distyly
(b) Tristyly
Figure 1.1: Floral polymorphism and compatible pollinations
in heterostyly (arrows indicate the directions). a) Reciprocal
anther and stigma positions in the pin and thrum forms in a distylus
plant. b) Shows three forms of a tristylous plant. Anther and stigmas are
positioned at three levels (Ganders 1979).
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1.2.2 Homomorphic self-incompatibility
Homomorphic refers to all individuals of self-incompatible species that produce
flowers of the same morphological characteristics. The self/non-self difference be-
tween pollen and pistil is determined by one or more polymorphic loci. Also the
term haplotype denotes variants of the locus, and the term allele refers to the
variants of a polymorphic gene at the S -locus (Leducq et al. 2010). Depending
on the stage at which the male gametophyte receives the information required to
determine its incompatibility phenotype, homomorphic self-incompatibility sys-
tems can be subdivided into two distinct groups of sporophytic and gametophytic
incompatibilities (de Nettancourt 2001).
In gametophytic self-incompatibility, the pistil differentiates between self and non-
self pollen based on whether the S -haplotype of the haploid pollen matches any
of the two S -haplotypes of the diploid pistil, which is determined by its own S -
genotype. When haplotypes match, pollen is recognized by the pistil as self and
is rejected, whereas if haplotypes differ, pollen is accepted for fertilization (de
Nettancourt 2001). Thus crosses between two plants are compatible as long as
their S -genotypes differ in one of the two S -haplotypes (Fig.1.2(a)).
In sporophytic self-incompatibility, the self-incompatibility phenotype of the pollen
is determined by the S -genotype of its diploid parent, and the pistil recognizes
the pollen as self if any of the S -haplotypes carried by its parent matches one of
the two S -haplotypes carried by the pistil. Thus crosses between two plants are
possible in sporophytic self-incompatibility only if their S -genotypes do not have
any haplotype in common (Fig.1.2(b)). However, there is a complex relationship
between the two S -haplotypes carried by the pollen and pistil, such that one could
be dominant over or recessive to the other, while they could also interact to result
in mutual weakening (Thompson and Taylor 1966).
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(a) GSI
(b) SSI
Figure 1.2: Representation of gametophytic and sporophytic
self-incompatibility. a) In GSI the S1 phenotype of pollen is determined
by the S -haplotype. When the haplotypes of the S -locus matches in pollen
(male tissue) and pistil (female tissue) the pollen becomes incompatible.
In GSI the growing pollen tubes are usually inhibited in the style. b)
In SSI the SI phenotype of pollen is determined by the S -genotype of
its diploid parent and pollen S -alleles are expressed sporophytically in
diploid cells of the anther tapetum that provides the S -proteins to the
pollen coating. In SSI, pollen is usually inhibited on the stigma (Hiscock
2002).
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1.3 Gametophytic self-incompatibility (GSI)
Self-incompatibility plays a key role in the genetic diversity within plants, while
changing patterns of lineage diversification in clades that employ these mecha-
nisms (Igic 2008; Goldberg et al. 2010; Whitehouse 1950; Franklin-Tong and
Franklin 2003; Waligorski and Szaleniec 2010). It is believed that SI has evolved
many times independently (Igic and Kohn 2001). A number of underlying genetic
mechanisms have been described for SI systems among which SRNase-based game-
tophytic SI is considered the most common and well-studied system (Roalson and
McCubbin 2003). SRNase-based gametophytic SI is considered to have evolved
only once during the early evolution of angiosperms. This system is commonly
observed in three families of Solanaceae, Scrophulariaceae, and Rosaceae and may
be considered ancestral to most eudicots (Igic and Kohn 2001). Furthermore it is
known that the breakdown of SI system in these fruit-bearing plants results in a
relatively large seed-set, achieved by selfing. Several mechanisms have been sug-
gested for breaking the GSI system, namely i) decrease in in-breeding depression,
ii) reducing the number of alleles at the S -locus, and iii) outcross pollen limita-
tion which can be achieved by a plant population bottleneck as well as the failure
of pollinators. However there are limitations associated with these techniques,
for example, a mutant suppressing S -allele pollen activity can not invade if the
number of S -alleles are large (Charlesworth and Charlesworth 1979). Hence, the
need for further research in understanding the exact mechanism of self/nonself
recognition is signified specially for fruit-bearing plants such as apple.
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1.4 Genes controlling the allele specificity for SRNase-
based SI
1.4.1 The female determinant gene (SRNase)
One of the important features of the gametophytic self-incompatibility is the ex-
istence of an extracellular ribonuclease in the pistil i.e. the SRNase (the female
determinant of SI) and its involvement in the rejection of incompatible pollen
grains (Kao and Tsukamoto 2004). Once inside the pollen tube, SRNase degrades
the RNA needed for protein translation, which leads to the growth retardation
and the failure to produce new proteins (Newbigin and Uyenoyama 2005).
1.4.1.1 SRNase function and evolution
SRNases belong to the class III RNase T2 gene family, which comprises of several
S -like RNases as well. These S -like RNases do not exhibit high allelic poly-
morphism and have been described in both self-compatible and self-incompatible
species of Solanaceae, Plantagenaceae and Rosaceae (Kao and Tsukamoto 2004).
Plant RNase T2 proteins are endo-ribonucleases that are expressed in a variety
of tissues having selective activities in response to physical or pathogen-induced
stress (Luthuli and Parker 2010; MacIntosh et al. 2010). Phylogenetic studies
have grouped plant RNase T2 genes into three classes based on their conserved
structural motifs, whereby class I and II are expressed in response to cellular stress
and are constitutively expressed, respectively. Class III RNase T2 genes on the
other hand have been shown to be involved in the activation of RNase function
(Luhtala and Parker 2010; MacIntosh et al. 2010; Vieira et al. 2008). This class of
RNase T2 genes contain one or two introns, contain conserved amino acid motifs
and are encoded in all SRNase genes known to function in the SRNase-based GSI
system (Nowak et al. 2011). Phylogenetic studies of the RNase T2 gene family
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have shown that SRNases form a separate monophyletic group from the S -like
RNases, proposing a common evolutionary origin for the SRNase-mediated GSI
(Igic and Kohn 2001; Steinbachs and Holsinger 2002). Additionally the occurrence
of a trans-specific evolution has been reported whereby different alleles within each
family do not form species-specific groups. This results in certain alleles to be more
closely related to those from another species than to alleles belonging to the same
species. These findings could suggest that the extant polymorphism arose prior to
the species divergence (Igic and Kohn 2001; Ioerger et al. 1990; Kim et al. 2009;
Ushijima et al. 1998).
There are two different theories for SRNase evolution. One theory implies that
SI has evolved independently during the evolution based on the fact that families
with near relationship do not share a common SI system while different families
can share the same SI system (De Franceschi et al. 2012). This suggests that the
SRNase evolution is independent. The second theory proposes that SRNase genes
are orthologous showing polymorphisms at a single locus with multiple alleles.
This theory further suggests that SRNase-mediated GSI has a common ancestor
among the eudicots (Igic and Kohn 2001; Steinbachs and Holsinger 2002; Vieira
et al. 2008).
1.4.1.2 SRNase Structure
SRNases have high allelic sequence diversities showing sequence identities between
30% to 90% (Ushijima et al. 1998; McCubbin and Kao 2000). Studies on Solana-
ceous SRNase have identified five conserved regions; C1 to C5 (Ioerger et al. 1991),
with C2 and C3 containing conserved catalytic histidine residues (Fig.1.3). De-
spite the existence of many structural similarities between the SRNase sequences
of the Rosaceae and Solanaceae, some differences have been found to be char-
acteristic of the Rosaceae SRNase. It has been shown that the C4 domain of
the Rosaceae has a different position and amino acid sequence from that of the
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Solanaceae SRNase (Tao and Iezzoni 2010). Furthermore the Rosaceae SRNase
contains a single hypervariable region (RHV) whereas the Solanaceae SRNase
contains two, namely HVa and HVb (Ioerger et al. 1991; Xue et al. 1996). It is
however not known if the Rosaceous HV region alone forms the interacting domain
corresponding to the two HV regions of the Solanaceous SRNases (Fig.1.3). These
HV regions are the most hydrophilic parts of the SRNase, suggesting that they
could be the prime determinants of the SRNase specificity (Tsai et al. 1992). Sites
within these hypervariable regions have been shown to be under positive selection
i.e. sites with dN/dS ratios >1.0 (Nowak et al. 2011). Despite the significance of
the hypervariable regions in self/non-self recognition other regions have also been
identified to be of importance (Zisovich et al. 2004; Ortega et al. 2006; Vieira et
al. 2007). Sliding window analysis has identified four positively selected regions
defined as PS1 to PS4 with RHV being located within PS1. These PS regions are
located on the sides of the active site cleft and are thought to be involved in the
discrimination of self and non-self (Matsuura et al. 2001).
The involvement of SRNases in the GSI system has been studied through the gain
and loss of function approaches, whereby sense and anti-sense SRNase transgenes
were expressed, resulting in a gain or loss of S -specificity in the transgenic plants
(Lee et al. 1994; Murfett et al. 1994). There are several lines of work employing the
use of transgenic approach in identifying regions and amino acid residues involved
in the encoding of allelic specificity (Kao and McCubbin 1996; Zurek et al. 1997).
Essentially these studies all point to the fact that the HVa and HVb regions play a
crucial role in encoding allelic specificity in SRNase, while it appears that amino
acids outside the these regions may also be of significance (Verica et al. 1998).
1.4.2 The male determinant gene (SLF/SFB)
The pollen S -determinant of the SRNase-based GSI in Rosaceae, Solanaceae and
Plantaginaceae was discovered almost 15 years after the pistil S -gene (Tao and
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Figure 1.3: Schematic representation of SRNase primary
structure in Solanaceae/Plantagenaceae (a) as well as Rosaceae
subfamilies including (b) Maloideae and (c) Amygdaloideae.
The conserved regions are represented by grey boxes labeled C1 to C5
except for the Maloideae and Amygdaloideae specific conserved region,
located in similar region as C4, but is indicated by purple boxes labeled
RC4. The Solanaceae/Plantagenaceae hypervariable regions are denoted
in light blue and are named HVa and HVb. The Rosaceae hypervariable
region, RHV, is denoted in dark blue. The hypervariable region exclusive
to the Prunus SRNases is denoted in green, and has been named RHV2.
The arrowheads indicate the intron positions, the black ones point to the
location of intron shared by the three families (in the HVa/RHV region)
and the blue one refers to an intron specific to Amygdaloideae SRNases
(adapted from Kao and McCubbin, 1996).
Iezzoni 2010). Sequence analysis of the Antirrhinum S -locus revealed the presence
of an F-box protein in the pollen, localized approximately 9 kbp downstream of the
S2-RNase gene, which was named AbSLF-S2 (Arrhenatherum bispanicum S -locus
F-box gene) (Lai et al. 2002). Despite the findings of Lai and co-workers (2002),
who only identified a single AbSLF gene, later studies revealed the existence of
multiple F-box genes in the S -locus region, which share 90% homology between
haplotypes, making it challenging to determine which is involved in the SI reaction
(Zhou et al. 2003).
Ushijima and colleagues (2001) sequenced the previously identified S -locus re-
gion in Prunus dulcis and identified the presence of two pollen expressed F-box
genes. One of these genes named SFB (S -haplotype-specific F-box gene) showed
S -haplotype-specific sequence polymorphism similar to that shown in SRNase.
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The second gene however, named SLF (S -locus F-box) showed low allelic sequence
polymorphism, reducing the potential of it being the pollen S -gene. Furthermore
a high number of retrotransposon-like sequences have been identified in the S -
haplotype that may be linked to the high heteromorphism of the S -locus. This
heteromorphism is considered to maintain tight association between the two S -
genes (Ushijima et al. 2003).
The high level of allelic polymorphism of the SLF/SFB gene along with its pollen-
specific expression and close physical distance to the SRNase gene supports the
hypothesis that SLF/SFB is the male determinant of GSI (Sijacic et al. 2004).
Hybridization analysis in Petunia inflata using a fragment of PiSLF2 without
the coding sequence for the F-box domain led to the identification of four SLF-
like genes, namely PiSLFLa, PiSLFLb, PiSLFLc, and PiSLFLd, which are all
linked to the S -locus (Hua et al. 2007). In Nicotiana alata 10 SLF-like genes,
namely DD1-DD10 have been identified to have linkage with the S -locus (Zhou
et al. 2003). Furthermore an AbSLF-like gene was identified from an S1S5 in
Antirrhinum with a 97.9% sequence identity to AbSLF-S2. However due to the
lack of allelic sequence polymorphism this gene does not represent a good candidate
for the pollen S -gene (Lai et al. 2002). Later work on sequencing S1S5 and
S2S4 transformation-component artificial chromosome (TAC) clones by Zhou and
colleagues revealed the presence of nine additional SLF-like genes linked to the S -
locus, while six are specifically expressed in the pollen (Zhou et al. 2003). Works
in sequencing cosmid clones of Prunus mume (Japanese apricot) containing the
S1-RNase or S7-RNase gene determined four F-box genes, namely SLF, SLFL1,
SLFL2 and SLFL3 (Entani et al. 2003). Furthermore a transgenic experiment in
Petunia inflata provided evidence of the S -locus F-box-driven allelic specificity of
the pollen (Sijacic et al. 2004).
Studies in Malus and Pyrus identified multiple F-box genes called SFB brothers,
SFBBs (Sassa et al. 2007). Two SFBBs were identified in the genomic region
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around each of the apple SRNases S3 and S9, namely MdSFBBα and MdSFBBβ
(Md representing Malus × domestica Borkh.). According to studies on the pollen-
derived cDNA of Japanese pear, three SFBBs were described to be associated to
each of the S -haplotypes S4 and S5, namely PpSFBBα, PpSFBBβ and PpSFBBγ
(Pp stands for P. pyrifolia). Studies in other haplotypes of the Japanese pear have
characterized the PpSFBB that was further used for the development of a molec-
ular S -genotyping assay (Kakui et al. 2007). Later Zisovich and colleagues (2009)
identified seven SFBs linked to seven different S -haplotypes in the European pear
and utilized them in a molecular S -genotyping assay.
Despite previous findings suggesting the presence of a single SLF gene from each
haplotype, Sassa and colleagues (2007) have proposed high homology between
the SLF gene and the SFBBs of Malus and Pyrus. Multiplicity of the SFBB
genes as pollen-S candidates might lead to the hypothesis that only one SFBB
gene in a haplotype is the pollen determinant, however this is rejected by the
fact that pear shows competitive interaction (Crane and Lewis 1942; Lewis and
Modlibowska 1942) and multiple SFBB genes with S -specific polymorphisms are
expressed in the pollen with normal GSI function. Still the occurrence of multiple
SFBB genes in a haplotype does not support their role as pollen determinants of
GSI (Entani et al. 2003; Ushijima et al. 2003). Another possibility however is that
all the expressed SFBB genes function together as pollen determinants. Functional
characterization of SFBB genes in pollen and the comparative analysis of the apple
S -locus structure will answer these speculations and give a clearer understanding
of the mechanism, variation and evolution of the SRNase-based GSI (Sassa et al.
2007). Nonetheless SFBB genes with S -haplotype-specific divergence and pollen-
specific expression illustrate a linkage to the SRNase gene, which concomitantly
make them good candidates for pollen-S in Maloideae. The nucleotide substitution
patterns of the SFBB genes along with other pollen-S genes suggest the SFBB
genes to have higher average Ka/Ks values (synonymous and nonsynonymous
nucleotide substitution rates, Hurst 2002) than SFB of Prunus, SLF of Petunia
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and SLF of Antirrhinum. Additionally a more recent divergence of SRNase genes
of Maloideae compared to those of Prunus have been reported (Ma and Oliveira
2002). Together these findings may indicate the co-evolution of the F-box and
SRNase genes in Rosaceae (Ishimizu et al. 1998; Ikeda et al. 2004).
1.4.2.1 SLF/SFB function and evolution
The F-box motif at the N-terminal of the functional SI S -haplotypes of SLF/SFB
is conserved, suggesting that they function as F-box proteins. The F-box protein
family is one of the largest families in plants and is a component of a class of
E3 ubiquitin ligases, the SCF complex, that regulates the degradation of proteins
in the ubiquitin/proteasome proteolytic pathway (Li et al. 2011; Deshaies 1999).
Through their receptor-like functions F-boxes incorporate proteins targeted for
polyubiquitination into the SCF-complex, which are then degraded by the 26S
proteasome. Thus the SCF complex containing SLF/SFB might polyubiquitinate
all non-self SRNase for degradation while specifically interacting with its cognate
SRNase to leave it active resulting in the arrest of self-pollen tubes (Ushijima et
al. 2003) (Section 1.4.4).
Phylogenetic analyses of the F-box genes in Arabidopsis thaliana have suggested
that Prunus SFB, Petunia SLF and Antirrhinum SLF may have a monophyletic
origin (Wang et al. 2004). Ushijima and colleagues (2004) have demonstrated two
distinct groups of F-box proteins, one consisting of the SFB sequences and another
composed of the SLF and SLFL sequences. These findings along with low allelic
sequence polymorphism do not support an orthologous relationship between the
two F-box genes i.e. SLF and SFB. Furthermore a trans-specific evolution was
suggested for the SFB gene similar to that of the SRNase gene, suggesting a
common evolutionary history (Ushijima et al. 2004). Phylogenetic analysis has
further revealed that of the pollen-determinant F-box gene SLF is more closely
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related to its own S -locus F-box genes that have no role in SI than to the pollen-
determinants of other families (Ushijima et al. 2004; Sassa et al. 2007; Wheeler
and Newbigin 2007; Matsumoto et al. 2008).
1.4.2.2 SLF/SFB structure
Comparative structural analysis of Prunus SFB revealed two variable regions i.e.
V1 and V2; and two hypervariable regions, namely HVa and HVb in the C-terminal
region, while the F-box motif is localized in the N-terminal region (Ikeda et al.
2004; Nunes et al. 2006). These regions were shown to be hydrophilic (not strongly
hydrophobic) suggesting their surface exposure and function in the allele speci-
ficity. The concentration of positively selected sites in these regions provide further
support for their role in the specificity of the recognition response. Furthermore
SFB is known to contain a single intron in the 5′ untranslated region, while this ev-
idence was not identified in Solanaceae and Plantaginaceae SLFs (Tao and Iezzoni
2010).
1.4.3 Other genes involved in the modulation of SI response
The SRNase gene and the pollen S -gene are determining factors in the specificity
of the self-incompatibility interaction; however genetic studies have illustrated the
existence of genes at other loci that are required for the full self-incompatibility
response. These genes are collectively called modifier genes that function as regu-
lators of expression of the S -locus genes (Kao and Tsukamoto 2004). The modifier
gene could either suppress the expression of some S -locus genes or activate the
expression of an active suppressor of the expression of S -locus genes (Tsukamoto
et al. 2003; Kao and Tsukamoto 2004). HT-B was the first modifier gene to be
cloned (McClure et al. 1999) that is expressed in the pistil of the self-incompatible
Nicotiana alata (Kondo et al. 2002; O’Brien et al. 2002). HT-B is proposed to
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function in conjugation with other pistil proteins, in order to take up SRNase into
the pollen tubes (Cruze-Garcia et al. 2003). Plants with suppressed levels of HT-
B do not perform S -specific pollen rejection (McClure et al. 1999; OBrien et al.
2002). Additionally stylar proteins such as 120 kDa glycoproteins are shown to be
required for normal S -specific pollen rejection (Hancock et al. 2005; Puerta et al.
2009; Sassa et al. 2007; Sims and Robbins 2009; Vieira et al. 2010). However such
proteins do not make a direct contribution towards the specificity of the S -specific
pollen rejection.
1.4.4 Interaction models between the SRNase and SLF/SFB
The answer to the question of how the two components of the S -locus interact
has been gathered into several models. However there is not enough evidence as
to which one is the definitive model, nor can any one of them be ruled out. The
following is a summary of what each model entails with the aim of providing a
clearer perspective to the mechanism of self/non-self recognition.
1.4.4.1 Classic interaction models
Two different models were initially described before the identification of the pu-
tative S -pollen gene, namely the receptor model and the inhibitor model:
According to the receptor model, the pollen S -genes function as receptors located
in the plasma membrane or the cell wall of the pollen tube and each allelic variant
interacts specifically with its self SRNase resulting in a selective take up of self
SRNase into the pollen tube (Hua et al. 2008). However this hypothesis was
later rejected by the findings of Luu and colleagues (2000) who showed that the
SRNase uptake by the pollen tube is not S -haplotype specific, with both self/non-
self SRNases being found in the pollen tube cytoplasm.
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The inhibitor model on the other hand assumes the inhibition of the non-self
SRNase activity to be initiated by the cytoplasmic inhibitors once all SRNases
have entered the pollen tube (Franklin-Tong and Franklin 2003). To further under-
stand the function of inhibitors two different modes of actions have been proposed
for the inhibitor model. According to the basic inhibitor model SRNase consists
of two separate functional domains, an S -allele specificity domain, which is unique
to each SRNase and a catalytic domain, which is common to all SRNases (Kao
and McCubbin 1996; Zurek et al. 1997). The S -pollen inhibitor interacts through
a low affinity-binding site with the catalytic domain of all SRNases, while SRNase
of the same S -haplotype will interact with the inhibitor through a high affinity-
binding site i.e. the S -allele specific domain leaving the SRNase functionally
active. This is achieved by preventing the interaction with the catalytic domain,
hence inhibiting pollen tube growth. The second proposed mechanism, the general
inhibitor model, suggests the presence of a general inhibitor molecule capable of
inhibiting all SRNases. Based on this model the S -pollen protein interacts with
the corresponding SRNase, hence become incapable of interacting with the gen-
eral inhibitor and remains active in inhibiting pollen tube growth (Franklin-Tong
and Franklin 2003; Wang et al. 2003; Kao and Tsukamoto 2004).
1.4.4.2 New interaction models
Recent findings have rejected and/or modified previous models while describing
new ones on the basis of current knowledge stating that S -pollen is not a recep-
tor and that it encodes for an F-box protein (Hua et al. 2008). The modified
inhibitor model (i.e. degradation model) now proposes that the self SRNases are
not targeted for degradation (through the ubiquitination system) in an incompat-
ible reaction, instead they remain active to degrade the RNA in the self-pollen
tube, while non-self SRNases are targeted by the SCFSLF E3 ligase complex to be
degraded by the ubiquitin-proteasome system (UPS) (Lai et al. 2002; Hua et al.
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Figure 1.4: Self-incompatibility model in Solanaceae, Rosaceae,
and Scrophulariaceae. SRNase is secreted in to the extracellular matrix
of the style, where it is incorporated in to the pollen tubes and function as
a cytotoxin that degrades pollen RNA. SLF/SFB functions as a component
of an E3-ubiquitin ligase complex and is therefore involved in the ubiquitin-
mediated protein degradation of non-self SRNase (Takayama and Isogai
2005).
2008; Chen et al. 2010)(Fig.1.4). The F-box proteins are key regulators of diverse
biological pathways and components of a multi-subunit E3 ubiquitin ligase com-
plex named Skp1-Cullin-F-box (SCF). Most of the F-box proteins play a role in
ubiquitin-mediated protein degradation. This system is composed of three classes
of proteins, E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme)
and E3 (Ubiquitin ligase), which catalyses the formation of polyubiquitin chains
on specific substrates that are targeted for degradation via the 26S proteasome
(Bai et al. 1996).
The 26S proteasome is a 2.5 MDa ATP-dependent protease complex that is com-
posed of a cylindrical 20S core particle (CP), capped by a 19S regulatory particle
 
 
 
 
Chapter 1. Introduction 22
(RP) on each end (Wang and Deng 2011; Stone and Pierce 2005). The F-box
motif interacts with Skp1 while another region interacts with the substrate (Hua
et al. 2011). The region interacting with the substrate may contain WD40 re-
peats, Leu-rich repeats, other protein-protein interaction modules, and/or other
unrecognized motifs. Furthermore it has been revealed that the protein-protein
interaction domains of the F-box protein exhibit ubiquitin-binding properties with
some defined as novel ubiquitin-binding domains (UBD) (Pashkova et al. 2010).
Among eukaryotes, plants have been shown to contain the largest number of F-
box proteins. Arabidopsis, for example, is proposed to have at least 700 F-box
proteins that are found to function as key regulators of development and signal
transduction processes (Gagne et al. 2002).
Later studies by Goldraij and colleagues (2006) have shown that SRNases are
compartmentalized into vacuoles once inside the pollen tube, providing the pollen
with a protection mechanism against the cytotoxic effects of SRNases. These
vacuoles are later broken down during pollen rejection in self-incompatible polli-
nations (Goldraij et al. 2006). These findings led to an alternative model named
compartmentalization model stating that compatible pollination is due to SRNase
compartmentalization rather than their degradation. It was further shown that
HT-B must first be degraded before the SRNases can be released. Hence in self-
incompatible pollination the SRNase is first taken up and compartmentalized,
followed by the interaction between SRNase and SFB, affecting the stability of
the HT-B protein, which in turn results in pollen rejection (McClure 2006).
Furthermore studies on the function of the alleles of SLF2 and SLF3 in Petunia
inflata have shown that both genes are involved in controlling pollen-specificity,
however it was suggested that additional types of SLF genes are required for pollen-
specificity (Meng et al. 2011). Moreover the results from co-immuno-precipitation
experiments suggested that S7-SLF2 interacts with S9-RNase and S11-RNase
but not with S5-RNase or S7-RNase (self-SRNase) (Zhou et al. 2003). These
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findings propose that the nature of the pollen-S interaction is more sophisticated
than previously thought. The identification of multiple SLF-like genes in Petunia,
Antirrhinum and Nicotiana raises the question of how these proteins with a high
degree of sequence identity recognize and inhibit different SRNase alleles. In
addressing this, Kubo et al. (2010) proposed a Collaborative Non-self Recognition
Model for the interaction of SLF variants (brothers) with different SRNases. This
model assumes that different SLF variants can recognize a subset of SRNases
(Fig.1.5). The proposition of this model was based on functional and protein
interaction studies in Petunia whereby at least three types of SLF proteins were
found to function as pollen determinants. To gain a better understanding of the
proposed collaborative recognition model the following section will provide a more
detailed review of this model.
1.4.5 Collaborative Non-self Recognition model
The pollen-S locus encodes several SLF proteins in Petunia each of which in-
teract with a subset of non-self SRNases in order for non-self SRNases to be
recognized and detoxified. Despite the identification of F-box genes as pollen-S
candidates the mechanism by which SLF/SFB and SRNase interact to trigger
the self-incompatibility reaction remains uncertain. Furthermore several studies
have suggested divergence of pollen-S function among different taxa with some
having a self-recognition system by a single factor while others represent a non-
self recognition system by multiple factors. The manifestation of this difference
can be observed in the comparison of Brassicaceae and Papaveraceae with species
in Solanaceae, Plantaginaceae, and Rosaceae. A single style-S and pollen-S genes
have been identified in Brassicaceae and Papaveraceae (Takayama and Isogai 2005;
Takayama et al. 2001; Wheeler et al. 2009), while Solanaceae, Plantagenaceae, and
Rosaceae have species with a single SRNase gene and multiple SLF/SFB genes
located at their S -loci (Entani et al. 2003; Zhou et al. 2003; Sassa et al. 2007;
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Figure 1.5: Graphical representation of the collaborative non-
self recognition model of SI in Petunia. A single SRNase is presented
by coloured boxes for each S -haplotype, while multiple SLF genes are
represented by coloured ovals. For each haplotype the arrows refer to
tested allelic variants of SRNases that are detoxified by the relevant SLFs
(Kubo et al. 2010).
Minamikawa et al. 2010). This increase in the number of SLF genes implies that a
larger repertoire of SRNases can be targeted, thus allowing more potential mating
partners, while the increase in the number of SRNase will have the opposite effect.
Accordingly for a plant species it would be advantageous to have multiple SLF
genes as it helps prevent inbreeding and provide diversity in plants. Several studies
have examined the collaborative recognition model among which the study of Wu
et al. (2007) on Pyrus pyrifolia can be mentioned. The outcome of this work was
shown to be consistent with the results proposed by Kubo et al. (2010), whereby
it was shown that the loss of function in a single type of SLF would be detrimental
only for the haplotypes whose SRNases are recognized by the mutated SLF-type.
With respect to Rosaceae family, the Maloideae and Prunoideae pollen-S function
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has been studied and a probable difference is proposed for the subfamilies with
monogenic and multigenic systems respectively. Sassa et al. (2007) have identified
two Malus SLF proteins as pollen-S candidates through sequencing the S -locus
of Malus × domestica Borkh.. Furthermore Minamikawa et al. (2010) have iso-
lated twenty additional SFBB-like genes from Malus through screening the S3S9
genotype BAC library.
It is, therefore, of great interest to evaluate and study this model in various species
as it provides clues about the mechanism of GSI employed and further assists in
formulating future studies specially those focused on apple due to its economic sig-
nificance in South African and worldwide agriculture. It is notable that successful
breeding programs rely on the availability of diverse germplasm, which poses the
need to develop and introduce new cultivars. Furthermore the GSI mechanism
represents an obstacle for the cultivation of apple by restricting crosses between
apple cultivars. As such the knowledge of SI as to how SLF/SFB and SRNase
interact, can provide useful clues about the implementation of novel breeding
strategies. This study will take a closer look at the GSI system of Malus × do-
mestica Borkh. (subfamily of Rosaceae) by identifying the evolutionary patterns
exhibited by Maloideae S -locus genes as a subfamily of the Rosaceae and further
assessing the existence of a collaborative non-self recognition mechanism in Malus.
1.5 Aims and Objectives
The growing economic importance of fruit crops and the problems associated with
their commercial production has placed the molecular basis of self-incompatibility
under intense attention. This has led to the rise of many hypotheses about how the
pistil S -ribonuclease (SRNase) and pollen-expressed S -haplotype-specific F-box
(SFB) interact. It is known that interacting proteins share similar evolutionary
histories to preserve interactions and functionality. To shed light on the mechanism
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of GSI in Rosaceae family, specifically the Maloideae subfamily, this thesis will
address the following issues:
• The evolutionary patterns that have led to the divergence of SI system in
Rosaceae subfamilies will be assessed using phylogenetic approaches.
• Amino acid sites responsible for the possible functional divergence between
Prunoideae and Maloideae will be identified. These amino acid sites are thus
critical for the shift between the self-recognition system by a single factor to
non-self recognition by multiple factors or vice versa.
• Positively selected amino acid sites of the S -locus genes will be identified,
as these residues are likely to be important for defining specificities. Hence
detecting a large number of these sites in the S -locus gene will suggest the
efficient specificity of SLF/SFB for a large repertoire of SRNases. However,
the opposite will allow for the inference of possible roles for SLF-like brothers
in carrying out the process of non-self recognition, while providing a ground
for the formulation of future studies.
• The HV region in SRNase and SLF/SFB will be Identified for further dock-
ing analysis based on its well-established role in the interaction between
pollen and pistil-S proteins.
• A co-evolutionary network between amino acids inside the HV region and
the rest of the residues will be drawn to point out other locations whose
function can affect the binding specificity of these proteins.
• The ancestral sequence and tertiary structure of SRNase and SLF/SFB will
be modeled for mapping the identified critical amino acid sites. Reconstruct-
ing ancestor sequences is an important means of inferring information about
the past evolutionary alterations, behavioral changes, functional divergence,
correlated site-specific changes and many more.
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• A model of interaction between S -locus genes will be introduced by assessing
the collaborative non-self recognition model in Malus. This model aims at
describing the specificities of SLF/SFB and their brothers in recognizing a
large repertoire of SRNases, using modeling and docking techniques.
• Heterologous expression of apple var. Golden Delicious SLF2 will be un-
dertaken in several expression systems to determine the most viable system
with respect to high protein yield. The outcome of this study will provide a
framework for further functional studies.
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”Nothing in biology makes sense except in the light of evolution.”
Theodosius Dobzhansky
2.1 Molecular evolution
The principal cause of evolution is the mutational changes of genes caused by
nucleotide substitution, insertions/deletions, recombination, gene conversion and
etc. These changes may spread through the population by genetic drift and natural
selection, while ultimately getting fixed in a species (Nei 1987). The study of
these changes is valuable in understanding the mechanism of evolution of any
specific character. Before the invention of methods of DNA sequencing in 1977
(Maxam and Gilbert 1977; Sanger et al. 1977) the majority of studies on molecular
evolution were performed using amino acid sequences (Nei and Kumar 2000).
However, today, DNA sequence data is the principal basis of data collection that
contributes to most bioinformatics analyses and development (Lengauer 2007).
However, amino acid sequences are still important for evolutionary studies and
supply useful information on long-term evolution of genes or species. They are
also necessary for aligning DNA sequences of protein-coding genes (Nei and Kumar
2000).
2.1.1 Classification and phylogenetic tree reconstruction
Phylogenetic analysis of DNA or protein sequences has become an essential tool
for studying the evolutionary history of organisms (Wilson et al. 1977; Dayhoff et
al. 1978) to explain the evolutionary pattern of multi-gene families (Atchley et al.
1994; Goodwin et al. 1996; Nei et al. 1997) as well as understanding the process of
adaptive evolution at the molecular level (Jermann et al. 1995; Chandrasekharan
et al. 1996; Zhang and Gu 1998). Gene trees serve as an important source of
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information to understand how sequences are related in terms of function, struc-
ture and the evolutionary history. They can also detect duplications of genes or
parts of the genome, which make trees important analytical tools in comparative
genomics (Lengauer 2007).
Phylogenetic analysis for explaining the relationship between taxa normally as-
sumes that a single relationship exists between species at every site along the
genome (Webb et al. 2009) without recombination (Moore and Allaby 2008).
This process requires computational resources based on the number and length
of the sequences, and the methods used (Dereeper et al. 2008). Commonly used
methods in generating phylogenetic trees from molecular data can be classified
into; parsimony methods, distance methods, likelihood-based methods, Bayesian-
based method and phylogenetics network methods (Blair and Murphy 2011; Huson
and Scornavacca 2011; Zhang et al. 2011).
2.1.2 Bayesian methods in molecular evolution
2.1.2.1 Bayesian Phylogenetics
The Bayesian and Maximum Likelihood approaches are inference methods that
calculate the probabilities of evolutionary transformations (Lukhtanov 2010). Be-
fore the introduction of Bayesian methods, maximum likelihood-based techniques
were considered to be one of the most efficient techniques in capturing the phylo-
genetic information about the data under a given model. The maximum likelihood
method for phylogenetic inference was first presented by Cavalli-Sforza and Ed-
wards (1967) for gene frequency data. Later, Felsenstein (1981) developed an algo-
rithm for constructing a phylogenetic tree using ML methods from nucleotide se-
quence data. Furthermore Kishino and co-workers (1990) extended this method to
protein sequence data. Maximum Likelihood methods allow for the incorporation
of any single model of biological sequence evolution into the tree reconstruction
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process and uses the sequence information (substitution model) as constant align-
ment sites providing information about the tree topology and its branch lengths
(Lengauer 2007). The goodness of fit of a model to the observed data can be
examined using the likelihood ratio test (LRT) (for nested models) (Felsenstein
1981) or Akaike (1974) information criterion (AIC) (for non-nested models) as
long as the topology considered remains the same. However certain limitations
were associated with this method such as it being prohibitively slow depending on
the thoroughness of the search and access to computational resources.
Later the Bayesian approach to phylogenetic inference was proposed as a faster
method of incorporating complex statistical models into the process. There is
a strong connection between the maximum likelihood and the Bayesian method,
however the later provides a faster means of assessing support for the tree than
the maximum likelihood bootstrapping. Furthermore Bayesian methods allow
a mix for models of sequence evolution to be implemented. Bayesian methods
in phylogenetic inference are the result of the implementation of Markov Chain
Monte Carlo algorithms (MCMC) and Metropolis-Hastings algorithm to estimate
posterior probability distributions and explore more parameter-rich evolutionary
models. The development of Bayesian MCMC algorithm makes it possible to
analyze more complex and realistic evolutionary models. It takes a series of steps,
while specifying rules for when to accept or reject a tree, yielding a much larger
sample of trees that are highly auto-correlated (Nylander et al. 2004).
Bayesian methods in phylogenetics have 30 years of history, tracing back at least to
Farris (1973). Attempts to use empirical priors and to create Bayesian estimators
of topology were made as early as Wheeler (1996). A prior probability distribution
(prior) in Baysian statistical inference expresses the uncertainty about p before the
data is taken into account (Berger et al. 2009). The recent Bayesian techniques
are estimating cladistic relationships among terminal taxa, that is their branching
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pattern. Moreover among candidate topologies, posterior probability is a reli-
able method to choose from the optimality criterion (Wheeler and Pickett 2008).
Bayesian analysis through the use of the posterior probabilities of phylogenetic
trees infers phylogeny. The posterior probability can be calculated using Bayes’
theorem. Figure 2.1 illustrates the central conceptions of a Bayesian analysis as
a simple example. The prior probability of a tree signifies the probability of the
tree before the observations (i.e. an alignment of DNA or amino acid sequences)
have been specified, Pr[Tree], while the likelihood is equivalent, to the probability
of the observations as given a tree Pr[Data|Tree]. The posterior probability of
the tree is calculated by combining the prior and likelihood for each tree using
Bayes’ formula that represents the probability of the tree given the observation
and it can be interpreted as the probability that the tree is correct (Huelsenbeck
et al. 2001). Considering a particular combination of the tree (τ) and the model
of sequence evolution (θM) as an evolutionary hypothesis (H), the probability of
the alignment (A) i.e. P (A|H) can be inferred. Furthermore the reverse, that
is the probability that the evolutionary hypothesis (H) is correct given the data
P (H|A), can be calculated using Bayes’ theorem:
P (H|A) = P (A|H)P (H)
P (A)
The program called MrBayes (Huelsenbeck and Ronguist 2001) performs Bayesian
inference of phylogeny using a variant of the MCMC to approximate the posterior
probabilities of trees (Metropolis et al. 1953; Hastings 1970; Green 1995). It starts
with a tree and evaluates it according to the model specified in the execution file.
The tree is then changed and evaluated by the program, which constitutes a gen-
eration. According to the recorded trees a consensus is calculated and written to
a file. The consensus tree consists of the posterior probabilities of each internal
node, which helps in estimating the confidence one can have in that part of the
tree (for details refer to Lengauer 2007; Huelsenbeck and Ronquist 2001). Various
models are implemented in MrBayes among which, one of the most commonly
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utilized model is the General Time Reversible (GTR) model. GTR is the most
commonly used nucleotide substitution model, where an A transverses to a T (i.e.
rAT=rTA). This makes six possible substitution types possible among the four
nucleotides. Each of these transformation types may be treated as i) equivalent
(Jukes and Cantor 1969), ii) transitions may be treated separately from transver-
sions (e.g. Hasegawa et al. 1985; Kimura 1980), iii) all six can be treated as
unique (Tavare 1986; Yang 1994) or iv) any combination of the six types may be
grouped.
Initial models assumed that all sites in a collection of sequences evolve at a uniform
rate. Later several methods were developed to account for the observation that
sites usually evolve at different rates (Uzzell and Corbin 1971). Several theories
exist with respect to these models, whereby one could assume that i) certain
portion of the sites are invariable (I) (Hasegawa et al. 1985), ii) rates across sites
conform to a gamma distribution (Γ) (Uzzel and Corbin 1971; Yang 1993), or iii)
that rate heterogeneity is well described using a combination of invariable sites
and Γ-distribution i.e. the I+Γ model. The combined model (I+Γ) assumes some
sites to be invariable and rates at variable sites conform to a Γ-distribution (Gu
et al. 1995; Waddell and Penny 1996).
2.1.2.2 Bayesian estimation of divergence time
The idea of dating evolutionary divergences was initially proposed by Zuckerkandl
and Pauling in 1965. Most popular methods used for estimating divergence times
and molecular dating are classified into three main classes; i) methods that use
a molecular clock and one global rate of substitution, ii) methods that correct
for rate heterogeneity, and iii) methods that try to incorporate rate heterogeneity
(Frank 2006).
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Figure 2.1: The central concept of using Bayesian theorem
in phylogeny. Pr[Treei] is prior probability of each possible tree be-
fore making the observation (i.e. an amino acid or DNA alignment of
sequences). In general this probability is the same for all trees unless
other information was used to give some trees more prior probability.
Pr[Data|Treei] is the likelihood that is proportional to the probability
of the observations based on the tree and it is affected by the assumptions
made for generating the observations. Pr[Treei|Data] is the posterior
probability of a tree, which is the probability of the tree based on the ob-
servations. It is a specific combination of the prior and likelihood for each
tree that is estimated using Bayes’ formula (Adapted from Huelsenbeck et
al. 2001).
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The Bayesian dating methods have been implemented in MULTIDIVTIME (Thorne
et al. 1998; Thorne and Kishino 2002), PHYBAYES (Aris-Brosou and Yang 2002)
and BEAST (Drummond and Rambaut 2007). There is however no single best
approach in molecular dating and all methods have advantages and disadvantages
associated with them. Among these methods Beast is most popularly used due
to a number of interesting features implemented in it. These include a) the pa-
rameters of the distributions can be estimated instead of being specified, b) the
correlation of rates between adjacent branches can be tested, c) a starting tree
topology is not required, which allows accounting for phylogenetic uncertainty, d)
it permits the definition of calibration distributions such as normal, lognormal,
exponential or gamma which models calibration uncertainty instead of simple
point estimates, and e) it allows the user to simultaneously analyze multiple data
sets with different substitution models and provide Bayesian credibility intervals
(Drummond and Rambaut 2007).
2.1.2.3 Bayesian reconstruction of ancestral protein
Comparative analysis of extant proteins have provided indirect insights into the
diversification of protein structure (Perutz 1983; Vatzaki et al. 1999) and protein-
engineering studies have elucidated structure-function relations that are involved
in the evolutionary process (Khersonsky et al. 2006; Turner et al. 2006). Protein
function has evolved as mutations that were accumulated through time in ances-
tral proteins. Thus it is necessary to compare proteins through the evolutionary
time (Ortlund et al. 2007; Harms and Thornton 2010). An important approach
for investigating the function and evolution of ancient proteins is the use of phylo-
genetic methods to infer ancestral sequences of biological molecules with the aim
of recreating extinct genes or proteins (Malcolm et al. 1990; Adey et al. 1994;
Chandrasekharan et al. 1996; Dean and Golding 1997; Bishop et al. 2000; Chang
and Donoghue 2000; Chang et al. 2002).
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There are two major approaches in reconstructing ancestral sequences; the first
involves the identification of sites likely to be important in the activity of interest
and inferring their ancestral states. The corresponding residues in the modern
protein are then replaced with the ancestral residues through site-direct muta-
genesis of an existing gene. The use of this method requires prior knowledge of
proteins structure-function relationships and the ancestral residues must function
within the framework of a protein that is relatively modern. Furthermore the
modern residues should not have a significant effect on the function conferred by
the ancestral residues. The other approach however entails inferring the entire an-
cestral sequence and assembling the corresponding gene de novo (Hall 2006). This
approach does not require a good understanding of the structure-function relation-
ships. Moreover, not only critical residues but all residues are ancient (Chang and
Cohen 1978; Chandrasekharan et al. 1996). Further studies have used parsimony
and maximum likelihood methods in inferring ancient protein sequences as the
most commonly used approaches. These techniques have provided insights about
narrow substrate specificity of the α-chymases (Chandrasekharan et al. 1996) and
weak antiviral neurotoxin RNase (Zhang and Rosenberg 2002) ancestor proteins
and it also has been used to draw inferences about physical environment of ancient
organisms (Chang et al. 2002; Gaucher et al. 2003).
Furthermore, ancestral protein reconstruction has been used to study GFP-like
proteins (Ugalde et al. 2004; Field and Matz 2010), steroid receptors (Bridgham
et al. 2006, 2009; Ortlund et al. 2007; Carroll et al. 2008), Opsins (Yokoyama and
Radlwimmer 2001; Yokoyama et al. 2008a,b), and other gene families (Thomson
et al. 2005; Kaiser et al. 2007). Moreover a Bayesian method has been described
and implemented in the MrBayes program focusing on the reconstruction of the
ancestral state (Huelsenbeck and Ronquist 2001). The inferred ancient proteins
are only as accurate as the sequences of these proteins, which make the use of
most accurate means of ancestral protein sequence prediction a critical point in
such studies. In a study comparing the accuracies of weighted parsimony and
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maximum likelihood (implemented in PAUP* (Swofford 2011)) and the Bayesian
method (implemented in MrBayes), Hall (2006) has suggested both ML and
Bayesian to be very accurate.
2.1.3 Site-specific rate-inference
All sites in protein sequences do not evolve at the same rate in the course of evolu-
tion. This is solely due to differing selective constraints at each site whereby these
sites can be highly conserved or more variable based on the selective pressures
(Fernandes and Atchley 2008). Therefore, the evolutionary rate at a site is an
indication of conservation and importance of this site in maintaining the struc-
ture/function of the protein (Lichtarge and Sowa 2002). Tools such as Rate4site
(Mayrose et al. 2004) use the maximum likelihood (ML) criteria, however there are
Bayesian methods as well that adapt Markov Chain Mont Carlo (MCMC) method-
ology to integrate all possible trees and model parameters instead of using only
a single tree to estimate evolutionary rates (Mayrose et al. 2005). Even though
likelihood methods are considered state-of-the-art techniques in statistically test-
ing evolutionary hypothesis Mayrose and colleagues (2004) have shown Bayesian
method to be a superior approach. The use of Bayesian rate inference requires the
assumption of a prior distribution of rates, with the most common distribution
being gamma distribution. This factor significantly improves the performance of
Bayesian computational approach.
2.1.4 Maximum-likelihood inference in adaptive evolution
A key approach in detecting molecular evolution by positive selection focuses on
the comparison of the relative rate of synonymous and non-synonymous substi-
tutions (Miyata and Yasunaga 1980). Synonymous mutation refers to a kind of
mutation that does not alter the underlying amino acid sequence, resulting in the
 
 
 
 
Chapter 2. Molecular Evolution And Computational Modeling 38
substitution rate (dS) to be neutral with respect to the selective pressure on the
protein. Non-synonymous mutation on the other hand changes the amino acid se-
quence hence their substitution rate (dN) is a function of selective pressure on the
protein. Selective pressure is the ratio of these rates i.e. ω=dN/dS. An ω value of
less than one means that non-synonymous mutations were deleterious hence puri-
fying selection have reduced their fixation rate, whereas an ω value greater than
one suggests that non-synonymous mutations were advantageous and are therefore
fixed at a higher rate than synonymous mutations. If however the dN/dS ratio
equals one i.e. ω=1 it is considered neutral evolution (Bielawski and Yang 2003).
Estimation of synonymous and non-synonymous substitution rates provide an
effective means to understand the mechanisms of molecular sequence evolution
(Yang and Nielsen 1998) and also to evaluate the role of positive Darwinian selec-
tion following a gene duplication or speciation event (Bielawski and Yang 2003).
Often, there is an acceleration of non-synonymous rates that occurs shortly after
a duplication event to fix those proteins to a new or modified function (Li 1985;
Lynch and Conery 2000).
Understanding the process of molecular adaptation in the context of genome evo-
lution is therefore critical, while statistical methods such as maximum likelihood
estimation of the dN/dS ratio (Goldman and Yang 1994; Muse and Gaut 1994)
as well as the likelihood ratio test (Muse and Gaut 1994) for positively selected
genes are of great value.
2.1.5 Modeling variable selective pressure among lineages
An excess of non-synonymous versus synonymous changes in DNA sequences is a
signature of adaptive molecular evolution (Guindon et al. 2004). Switches between
selection patterns across lineages is a common phenomenon; however the rate at
which these changes occur is not well elucidated. Only a few amino acids have
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been identified to be responsible for adaptive evolution in most proteins that evolve
under positive selection (Nielsen and Yang 1998). Likelihood models developed
by Yang (1998) are good measures for testing adaptive evolution among lineages.
These models account for variable ω ratios between branches in the phylogeny
while allowing varying ω ratio among amino acid sites (Nielsen and Yang 1998;
Yang et al. 2000). These models account for unequal transition and transversion
rates as well as unequal base and codon frequencies, hence identify important
amino acids under diversifying selection.
2.1.6 Modeling variable selective pressure among sites
As the adaptive evolution is restricted to a small subset of sites, modeling vari-
able selective pressures among sites provides a better understanding compared to
modeling variable selective pressure among branches (Yang and Bielawski 2000).
There are two methods that model variation in ω among sites; one being the use
of statistical distribution to model random variation in ω over sites and the second
approach involves the use of a priori knowledge about a protein’s structural and
functional domains to partition sites in the protein and use different ωs for dif-
ferent partitions. However due to the lack of knowledge about the structure and
function of most proteins, the first approach is most commonly used. Accordingly
various models have been introduced by Nielsen and Yang (1998) as well as Yang
et al. (2000), all of which are implemented in the codeml program. Furthermore,
to examine sites that have evolved under positive Darwinian selection, Likelihood
Ratio Tests (LRTs) (Yang and Nielsen 1998) are conducted whereby models M0
and M1 are compared with more complex models that allow for positive selection
(models M2 and M3) (Nielsen and Yang 1998).
Likelihood Ratio Tests (LRTs) are general methods that test assumptions through
the comparison of two competing hypotheses. Model M0 is an evolutionary model
whereby all the amino acid sites have a single ω-value. M1 is the neutral model and
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assumes two classes of sites (conserved, ω=0 and neutral, ω=1) in the protein. M2
adds a third class of site with ω as a free parameter, allowing for sites with ω>1.
M3 on the other hand uses a general discrete distribution with three classes of sites,
the proportions (ρ0, ρ1 and ρ2) and the ω ratios (ω0, ω1, and ω2). Model M7 uses
an ω-distribution of sites between intervals ω=0 and ω=1. M8 adds an extra
class of sites to the M7 model, allowing for sites with ω>1. From these models,
three LRTs compare M0 with M3, M1 with M2, and M7 with M8. Models M2,
M3, and M8 are tests for positive selection among sites. Furthermore, Bayesian
posterior probabilities of site classes are calculated for each amino acid site (Nielsen
and Yang 1998) and positive selection is indicated when a freely estimated ω
parameter is >1 and the LRT is significant (Bielawski and Yang 2003) thereby
sites with a large Bayesian posterior probability (>95%) would be considered
positively selected.
2.1.7 Functional divergence and critical amino acid changes
Evolutionary studies are of benefit to various aspects of comparative biology, while
making a significant contribution to the prediction of gene function (Marcotte et
al. 1999; Konstantinidis et al. 2009). The functional importance of an amino
acid residue is reflected by the observation that it is evolutionarily conserved.
However any changes in this conservation could be indicative of the involvement
of functional divergence. Following a gene duplication event, one gene maintains
its original function while the other copy may accumulate amino acid changes that
result in its functional divergence (Li 1983; Dong et al. 2012).
Studies have proposed two types of functional divergences whereby type-I or site-
specific rate shifts are represented by amino acid residues highly conserved in a
subset of homologous genes but highly variable in others. Therefore, if protein
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function is changing, some amino acid residues might be subject to altered func-
tional constraints in different parts of the phylogenetic tree resulting in the evolu-
tionary rates for these sites to be different in various branches. On the other hand
type-II functional divergence or the shift of cluster-specific amino acid properties
may be explained by a drastic shift of amino acid properties between duplicated
genes that are evolutionarily conserved (Hao et al. 2009). Therefore type II func-
tional divergence does not affect the functional constraints but changes amino acid
properties such as charge, hydrophobicity and etc.
Several approaches have been proposed to detect and differentiate between type
I and II functional divergence through analyzing the statistical significance of the
observed patterns according to which functional divergence of proteins are inferred
(Gu 1999, 2001; Landgraf et al. 2001; Gaucher et al. 2002). Maximum likelihood
approaches are one of the most commonly used methods for the estimation of type
I and II functional divergence, while various models of amino acid substitution
can be incorporated into this framework. It is of great interest to determine sites
responsible for the functional divergence. To achieve this a posterior-based site-
specific profile can be implemented to predict these critical amino acid residues
(Ying et al. 2007). According to the hypothesis of type-I functional divergence,
residues that have enhanced or reduced selective constrains due to the change in
function during evolution are referred to as rate-shifted sites. The role of these
sites in functional divergence can be further assessed through their mapping onto
the tertiary structure of their proteins (Wang et al. 2001; Gaucher et al. 2002;
Lichtarge et al. 1996).
2.1.8 Intra-molecular co-evolution
The determination of intra-molecular coevolution between amino acids is of great
importance whereby the dependencies between amino acid sites unveil the func-
tional importance of these residues (Fares and Travers 2006; Travers and Fares
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2007). Protein evolution depends on intra-molecular co-evolutionary networks
that maintain structure and function with compensatory mutations in two or
more amino acid sites (Yanofsky et al. 1964; Fitch and Markowitz 1970; Fares
and Travers 2006; Pazos and Valencia 2008; Chakrabarti and Panchenko 2010;
Dickson et al. 2010). They are functionally or structurally important and are
fixed by positive selection (Fares and Travers 2006).
One of the existing limitations of widely used methods of identifying selective
constraints at functionally important amino acid sites or protein regions is the
dependent evolution of amino acid sites (Codoner et al. 2008). Moreover it is
often assumed that co-evolved amino acid sites contact each other in the folded
protein structure (Fitch and Markowitz 1970; Tillier and Lui 2003; Gloor et al.
2005; Fares and Travers 2006).
Several models have been developed that detect co-evolution using probabilistic
models based on a) maximum likelihood approximation (Pollock et al. 1999; Choi
et al. 2005; Pei et al. 2006), b) Bayesian probabilities (Dimmic et al. 2005), c) phy-
logenetic approaches (Fukami-Kobayashi et al. 2002) and d) sequence divergence-
based approximation (Fares and Travers 2006; Fares and McNally 2006).
Among the above-mentioned methods the model developed by Fares and Travers
has been shown to be capable of distinguishing between background and true
correlations with no knowledge of the phylogenetic relationship between the se-
quences. The sequence divergence approximation method corrects pairwise se-
quence divergence values according to the strength of the amino acid substitution
using BLOcks Substitution Matrix 62 (BLOSUM62) values. The divergence values
between amino acid sites are then evaluated for their correlation and thereafter,
significant co-evolutionary relationships among sites are identified. Furthermore,
this approach makes use of the three-dimensional information to determine func-
tional and structural pairs of co-evolving sites. Despite limitations that might also
 
 
 
 
Chapter 2. Molecular Evolution And Computational Modeling 43
be associated with this method, it is considered to have a better statistical power
and sensitivity for co-evolving residues (Codoner et al. 2008).
2.1.9 Protein structure prediction and docking
2.1.9.1 Applications of protein models
Knowledge of the tertiary structure of proteins forms the basis of understand-
ing the main biological processes such as cell division, cellular communication,
metabolism and development. The rate of determination of new structures con-
tinues to increase more slowly than the rate of new protein sequence generation
(predicted protein sequences from genome and transcriptome sequencing). How-
ever there still exists a gap between structures and sequences despite successful
efforts at large-scale structure determination (Lengauer 2007). Therefore, comput-
ing 3D-structures from sequences using basic physical principles (Anfinsen 1973)
forms the best alternative for proteins whose experimental structure determination
has been unsuccessful, such as cell membrane proteins (Lengauer 2007).
The understanding that related proteins share similar structures has led to the
development of computational methods for building models of proteins with un-
known structure based on the related proteins with known structures (Browne et
al. 1969). Homology modeling of proteins is valuable in identifying active and
ligand binding sites, determining protein-protein interfaces, refining models with
data from experimental sources such as NMR and spectroscopy, providing a struc-
tural explanation for previous experimental observations and as models to plan
new experiments (Fiser and Sali 2003).
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2.1.9.2 Major protein-modeling resources
Four different types of approaches are commonly used in 3D structure model-
ing, namely 1) homology modeling, 2) fold recognition and threading methods,
3) de novo (or ab initio) methods and finally 4) integrative or hybrid methods.
Homology-based methods of modeling use the experimentally determined struc-
ture of a related protein family member as a template, however it is limited by
the existence of a template with known structure. Many proteins share similar
structures while showing very little (15% or less) sequence identity (Fetrow et al.
1998). To address this issue there are prediction methods that align a sequence
with a protein structure in 3D without considering the sequence associated with
the structure, which are referred to as threading methods. Another method of
structure prediction that is far more complicated than the previously mentioned
method is called structure free or de novo prediction, which does not rely on ho-
mology between the query sequence and a sequence in the Protein Data Bank
(PDB) to create a template for structure prediction (Lengauer 2007). Most of
the current methods for de novo structure predictions are dependent on certain
aspects of evolutionary relationships between protein sequences and structures for
extracting building blocks from known protein structures (Jamroz and Kolinski
2010).
Recent advances in the computational techniques have allowed for the integra-
tion of information from various sources i.e. computational and experimental,
including knowledge derived from all the above-mentioned methods to model a
protein structure. Among the integrative modeling methods I-TASSER (Itera-
tive Threading ASSEmbly Refinement) (Roy et al. 2010) is considered the best
approach, as it involves distant homology detection combined with techniques for
structure simulation and evaluation (Venclovas 2012).
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2.1.9.3 Protein modeling using the I-TASSER suite
I-TASSER is a protein structure modeling approach involving the iterative im-
plementation of the Threading ASSEmbly Refinement (TASSER) program (Zhang
and Skolnick 2004). Figure 2.2 is a graphical representation of various steps in
I-TASSER protein structure modeling. The initial step in generating the structure
models using the I-TASSER suite is to thread the sequences through the PDB
structure library in a meta-server threading program LOMETS (Wu and Zhang
2007). There are eight different threading alignment programs implemented in
LOMETS, namely FUGUE (Shi et al. 2001), HHsearch (Soding 2005), MUSTER
(Wu and Zhang 2008), PPA (Wu and Zhang 2007), PROSPECT2 (Xu and Xu 2000),
SAM-T02 (Karplus et al. 1998), SPARKS (Zhou and Zhou 2004), and SP3 (Zhou
and Zhou 2005). The quality of the template alignments is assessed based on the
statistical significance of the best threading alignment, which is referred to as the
Z-score. This is the energy score in standard deviation units relative to the statis-
tical mean of all alignments. It has been shown that threading alignment found by
LOMETS outperforms the best individual threading programs, showing a TM-score
increase of ≥8% (Mukherjee et al. 2010). TM-score is an algorithm that measures
the topological similarities between two protein structures and can be used as a
measure to assess the quality of the predicted protein structure relative to native
(Zhang and Skolnick 2004; Xu and Zhang 2010). Following the threading step, the
query sequence is split into threading aligned and unaligned regions. The aligned
structural fragments from the best threading templates are then excised and used
in structure assembly, whereas the unaligned regions (mainly loops/tails) are built
by ab initio modeling. The structure assembly is then performed using replica-
exchange Monte Carlo simulations (Zhang et al. 2002), which aims at improv-
ing the dynamic properties of Monte Carlo method simulations by implementing
several replicas in parallel at different temperatures, while the temperatures are
periodically exchanged between the replicas. Furthermore, SPICKER (Zhang and
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Figure 2.2: Schematic representation of the steps undertaken
by the I-TASSER suite. (Adapted from Roy et al. 2010)
.
Skolnick 2004) assembles the conformations generated in low-temperature repli-
cas in order to identify lowest free-energy models. The next round of I-TASSER
simulation involves the excision of fragments from the PDB structures that are
structurally closest to the cluster centroids identified by TM-align (Zhang and
Skolnick 2005). The centroid of a cluster is a point whose parameter values are
the mean of the parameter values of all points in the cluster. The atomic models
are then constructed from the lowest energy decoys from this round of simula-
tions by REMO, which optimizes the hydrogen bonding networks (Li and Zhang
2009). The last stage involves the functional annotation of the predicted struc-
ture, whereby the function of the query protein is inferred by structurally searching
the predicted model against the database of proteins with known structure and
function in the PDB (Roy et al. 2010; Zhang 2008).
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2.1.9.4 Quality assessment
To assess the accuracy of the I-TASSER predictions the confidence score, C-score
is used. The C-score of the I-TASSER model can be defined as
C − score = ln
[
M
Mtot
. 1
RMSD
.
∏4
i=1 Z(i)∏4
i=1 Z0(i)
]
whereby M is the multiplicity of structures in the SPICKER cluster, Mtot refers to
the total number of structure decoys used in the clustering, RMSD is the average
RMSD of the decoys to the cluster centroid, Z(i) represents the highest Z-score
of the template by the ith PPA threading program and Z0(i) is a program-specific
Z-score cutoff for distinguishing between good and bad templates (Zhang 2008).
The C-score is strongly correlated with the similarity of the final model to the
experimentally determined structure and is usually between -5 and 2. A more
positive C-score reflects the better quality of the model. Furthermore C-score
can be used to reliably determine the TM-score and RMSD of the I-TASSER
models (Roy et al. 2011). TM-score is an algorithm that calculates the similarity
of topologies of two protein structures and can be used to assess the quality of
protein structure predictions compared to native structures. TM-score is more
sensitive than root-mean-square deviation (RMSD) as it weighs the close matches
stronger than the more distant matches. The TM-score value ranges in 0-1, while
the TM-score≤0.17 means a random selection from the PDB library, the TM-score
>0.5 is considered statistically significant, suggesting that the two structures have
significantly similar topologies (Zhang 2008).
2.1.10 Molecular Docking
The computational process of searching for a ligand that best fits both geometri-
cally and energetically to the binding site of a protein is referred to as molecular
docking (Teodoro et al. 2001). The rational prediction of binding geometries of
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protein complexes is highly valuable as it provides structural models for many
important protein-protein interactions in a cell (Zacharias 2010; Hue et al. 2010).
Protein-protein interactions are crucial components of many biological processes
and mediate a variety of functions (Gundampati et al. 2011).
Experimental procedures such as X-ray crystallography require high-quality crys-
tals that are not always possible to obtain e.g., for membrane proteins, while
the Nuclear Magnetic Resonance (NMR) technique is currently limited to small-
size proteins (Pierri et al. 2010; Zhou et al. 2011). Therefore the purpose of
computational protein-protein docking methods is to predict the structure of a
protein complex based on the structure of the isolated protein partners (Zacharias
2010) that cannot be determined using experimental methods. With regards to
improving the impact of docking in structural biology it is necessary to use pro-
tein structures obtained by comparative modeling based on a known template
structure in molecular docking studies (Leis et al. 2010; Zacharias 2010). Com-
putational docking methods are now able to predict the structure of a protein-
protein interaction with a high degree of accuracy in some cases (Solernou and
Fernandez-Recio 2010). Furthermore the increasing quality of the solved 3D pro-
tein structures may positively contribute towards computationally predicting the
interactions between two proteins and successfully screening candidate interacting
pairs (Hue et al. 2010). Computational docking not only attempts to answer the
question of whether two proteins interact, but also how they interact (Hue et al.
2010; Chang et al. 2010).
Molecular docking can be considered a two-step procedure involving i) the sam-
pling of ligand’s position, conformation and configuration space in order to predict
its pose within the binding site of the receptor and ii) scoring of the ligand’s pose
which is an indication of how well the ligand binds to the receptor. Hence an
efficient sampling and searching procedure as well as an accurate scoring function
are crucial in such analysis. Methods such as molecular dynamic simulation would
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seem as an obvious method to dock two proteins as it allows the complex to reach
its native state with time, however the limitations associated with such methods
are the computation power required. The focus of docking research has therefore
been on developing novel techniques that increase the speed of the search (Wiehe
et al. 2008). From the pioneering work of Kuntz et al. (1982), several dock-
ing programs such as ZDOCK (Chen and Weng 2002), DOCK (Makino and Kuntz
1997), FlexX (Rarey et al. 1996), GOLD (Jones et al. 1997), AutoDock (Morris
et al. 1998), GLIDE (Friesner et al. 2004), QXP (McMartin and Bohacek 1997),
ICM (Abagyan et al. 1994) and others have been introduced. These programs
make use of different sampling methods such as i) Fast Fourier Transform (FFT)
(Katchalski-Katzir et al. 1992), ii) grids of bits (Palma et al. 2000), iii) Monte
Carlo sampling (Abagyan et al. 1994; Gray et al. 2003), iv) genetic algorithms
(Gardiner et al. 2001), and v) geometric hashing (Fischer et al. 1995).
Furthermore most docking techniques have implemented a refinement and re-
ranking stage whereby the highest-scoring predictions are selected from the first
step of the docking analysis and small changes are made using techniques such as
six dimensional rigid-body movements, molecular dynamics and the clustering of
similar predictions. The second step of docking involves the use of an advanced
scoring function, which increases the rank of structures closer to the native while
simultaneously decreasing the rank of false positives.
2.1.11 Quality assessment of docking results
One of the commonly evaluated measures of docking quality is the root mean
square deviation (RMSD) between the atoms of the predicted and the native
complex, which is achieved by aligning the two complexes. Both interface RMSD
(iRMSD) and ligand RMSD (L-RMSD) can be assessed with respect to the accu-
racy of the predicted structure, where iRMSD is the Cα RMSD of the residues
whose atoms (at least one atom) are within the specified distance cutoff of the
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interacting partner. L-RMSD on the other hand is the Cα RMSD of the ligand
when the receptor of the predicted structure is superposed with the known struc-
ture, while performing the same transformation on the ligand (Wiehe et al. 2008).
Furthermore to assess the performance of available docking methods, the Criti-
cal Assessment of Predicted Interactions (CAPRI) have been established, which
assigns score to the predictions as incorrect, acceptable (one star), medium (two
stars), and high (three stars), based on their accuracy (Janin et al. 2003). The
initial-stage docking program ZDOCK has been proven to be efficient against a
docking benchmark as well as in several rounds of CAPRI experiments (Chen et
al. 2003; Wiehe et al. 2005).
2.1.12 ZDOCK
ZDOCK is a grid-based algorithm for docking that carries out a systematic search
in six dimensional space. The program outputs 3 600 or 54 000 predictions based
on the sampling density in the rotational space i.e. 15◦ or 6◦ sampling respec-
tively. ZDOCK algorithm uses a Fast Fourier Transform (FFT) in predicting a three
dimensional structure of a protein complex, which as previously mentioned is a
popular and quick method in searching the three dimensional space (Katchalski-
Katzir et al. 1992). The ZDOCK algorithm includes optimization of three param-
eters, namely shape complementarity, electrostatics and desolvation free energy.
The shape complementarity is based on the van der Waals (vdW) potential, con-
sidering that atoms are subject to an attractive and a repulsive force at long and
short distances respectively. ZDOCK uses a pairwise shape complementarity (PSC)
function, which has been shown to greatly increase the number of near-native pre-
dictions during the initial stage docking (Chen et al. 2003). Furthermore to
estimate the desolvation free energy ZDOCK uses ACE (Zhang et al. 1997), which
is the change in free energy that is the result of the breaking of two atom-water
contacts and the formation of an atom-atom and a water-water contact. This is
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referred to as the hydrophobic effect and is suggested to play a crucial role in
protein-protein binding (Wiehe et al. 2008).
Furthermore as part of the second step of docking ZRANK (Zlab Rerank), was
introduced by Pierce and Weng (2007) to quickly and accurately re-rank ZDOCK
predictions. It has been shown that ZRANK significantly improves the success
rate of ZDOCK (Mintseris et al. 2005). Additionally plotting the ZRANK scores
against RMSD values can show the distribution of the hits in the form of an energy
funnel, which is suggestive of the accuracy of the scoring function, whereby most
near native complexes have top ranks (i.e. lower binding energies) with many of
these structures exhibiting low RMSD.
2.2 Summary of Aims
It is well established that SRNase and S -locus F-box genes are the determinants
of female and male specificities in the Plantagenaceae, Rosaceae, and Solanaseae.
Two types of self-recognition systems have been proposed for the Rosaceae family,
namely self-recognition by a single factor and non-self-recognition by multiple fac-
tors. Thus phylogenetic reconstruction and evolutionary evaluation of Prunoideae
and Maloideae S -locus genes would assist in better understanding of the mecha-
nism of GSI in Rosaceae. The outcome of this study will identify a set of amino
acids critical to the function of the S -locus genes in Maloideae. Finally, in address-
ing the hypothesis of a collaborative non-self-recognition a model of interaction is
introduced for Malus with the HV region identified as the binding interface.
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2.3 Materials and Methods
A flowchart of the methods employed in this study is provided as a preview to all
the undertaken steps for achieving the aims of this work (Fig.2.3).
Homogeneity test of datasets using RRtree 
v1.1.11 and MEGA v5.0 
Test of recombination (Phi test) using 
SplitsTree v4.0 
Maximum Likelihood mapping using 
TREE-PUUZLE v5.2 
Multidimensional scaling using SPSS v18 
Bayesian tree reconstruction using 
MrBayes v3.1.2 
Data preparation and sequence alignment assembly 
for phylogenetic and evolutionary studies 
Statistical and phylogenetic clustering of Rosaceae 
SRNase and SLF/SFB datasets 
Evaluation of selective pressure among lineages 
(Maloideae and Prunoideae) using PAML v4.0 
Evolutionary rate estimation among Maloideae 
SRNase and SLF/SFB using BEAST v1.5.4 
Resurrecting ancestral protein sequences of 
Maloideae SRNase and SLF/SFB using MrBayes 
v3.1.2 
Detection of crucial amino acids of SRNase and 
SLF/SFB  that are involved in the divergence of 
GSI system between Maloideae and Prunoideae 
using DIVERGE v2.0 
Identification of positively selected sites in 
Maloideae SRNase and SLF/SFB using PAML 
v4.0  
Co-evolution study of sites within the HV region 
with other sites using CAPS v1.0 
Molecular Evolution Analyses 
Protein Structure Prediction and Docking  
Protein structure prediction using I-TASSER suite  
v1.1 
Structure validation of modeled structures using 
PROCHEC in VADAR v1.8 and ProSa-web  
Modelling of the non-self recognition system in 
Malus domestica using zDOCK v2.3, ZRANK and 
Wilcoxon rank-sum test in R-package  
Stability test for ancestor proteins using Molecular 
Dynamic (MD) simulation in GROMACS v4.5.3 . 
Identification of the HV region(s) of Maloideae 
SRNase and SLF/SFB using McRate v1.0 
Figure 2.3: A flowchart of the methods and tools used in this
chapter.
 
 
 
 
Chapter 2. Molecular Evolution And Computational Modeling 53
2.3.1 Classification and phylogenetic tree reconstruction of SRNase
and SLF/SFB
2.3.1.1 Sequence alignment assembly and data preparation
Sequences of the Rosaceae SRNase and SLF/SFB were retrieved from the NCBI
database, while ORF Finder (http://www.ncbi.nlm.nih.gov/) was used for gene
prediction. These cDNA sequences were translated to amino acid sequences in
the Molecular Evolutionary Genetics Analysis version 5 (MEGA5) (Tamura et al.
2011) and were further used as inputs to MUltiple Sequence Comparison by Log-
Expectation (MUSCLE) v3.8.31 (Edgar 2004).
With respect to speed and accuracy, this program has been shown to outperform
T-Coffee, MAFFT and CLUSTALW (Edgar and Batzoglou 2006). For the purpose
of this analysis, default parameters were used i.e. max iteration of 16 and the
use of Neighbour joining as the clustering method to generate the alignment.
The amino acid alignments were then used as guides for inserting gaps into the
cDNA sequences in MEGA5. Furthermore, all alignment results were inspected and
adjusted manually to reduce the number of gaps on the cDNA alignment.
Prior to phylogenetic analysis, four different tests were done i) a relative rate test
(for determining the substitution rate) in RRTree v1.1.11 (Robinson-Rechavi
and Huchon 2000); ii) a homogeneity analysis (to discard sequences affected by
recombination) in MEGA5; iii) Phi recombination test in SplitsTree v4.0
(Huson 1998); and iv) a ML mapping analysis (to provide support for differ-
ent groupings in the phylogenetic tree), in TREE-PUZZLE v5.2 (Schmidt et al.
2002).
To determine the substitution rates between SRNase and SLF/SFBs the relative
rate test program (RRTree) was employed. A data file of aligned sequences was
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used along with a Neighbour-joining tree generated using MEGA5 (default param-
eters) as inputs to RRTree. Sequences that passed the relative rate test with
the significance level of 5% were analyzed further to ensure the homogeneity of
the data using MEGA5. A disparity index was generated for each sequence, which
measures the substitution pattern differences for a pair of sequences. Those with
the disparity index more than 0.5 were excluded from the analysis.
Furthermore to test for the presence of recombination, the pairwise homoplasy
test (Phi) (Bruen et al. 2006) was used that is implemented in SplitsTree
(Huson 1998). Assuming that recombination results in fragmented genomes and
that each fragment contains several phylogenetically informative sites, the Phi test
calculates the statistical probability of recombination based on the number and
distance of non-conflicting informative sites in the sequence alignment.
Quartet puzzling or likelihood mapping (Strimmer and Haeseler 1996) as im-
plemented in TREE-PUZZLE was employed to investigate support for internal
branches of a tree without computing an overall tree and to further visualize the
phylogenetic content of SRNase and SLF/SFB sequence alignments. The program
was run using 10 000 puzzling steps with the estimation for parameters of the
model of sequence evolution set to exact, while a Neighbour joining method was
set to estimate the parameters. Furthermore, the model of substitution was set
to the GTR (General Time Reversible model; Section 2.1.2) (Tavare 1986) and the
transition/transversion as well as nucleotide frequencies were set to be estimated
from the dataset.
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2.3.2 Statistical and phylogenetic clustering of the datasets
2.3.2.1 Multidimensional scaling analysis of the Rosaceae SRNase and
SLF/SFB
Multidimensional scaling (MDS) was applied as a statistical method to group se-
quences of SRNase and SLF/SFB genes in the Maloideae and Prunoideae groups
based on distance matrices. Distance matrices were generated using p-distance
model with gamma distribution among sites in MEGA5 and multidimensional anal-
ysis using PROXSCAL option to find a least-squares representation of the objects
in a low-dimensional space in SPSS v18 (SPSS Inc. 1999).
The distance matrices were generated using the following parameters: i) use of
p-distance method, which allows for the comparison between trees of the same
taxa but using different genes, in which the branch length is expressed in terms
of proportion rather than the number of sites that have changed, ii) rate among
sites set to gamma distributed (Gamma=2.5) due to rate variations among sites,
iii) gap treatment was set to pairwise deletion due to a large number of
gaps in the alignment.
2.3.2.2 Nucleotide substitution model test
For selecting the model of nucleotide substitution that best fits the data for
SRNase and SLF/SFB the model selection framework of Akaike Information Cri-
terion (AIC) in jModeltest v0.1.1 (Posada 2008) was used. There are 88
models implemented in jModeltest including 11 substitution schemes, equal
or unequal base frequencies (+F), a proportion of invariable sites (+I), and rate
variation among sites with a number of rate categories (+G) (Section 2.1.2). Fur-
thermore, for likelihood calculations the Neighbour-joining method was selected.
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2.3.2.3 Bayesian phylogenetic tree reconstruction of the Rosaceae SRNase
and SLF/SFB
To use the Bayesian method, which involves the use of the MCMC algorithm, the
data were partitioned by codon position and the number of substitution types
was set to six. The Bayesian-estimated likelihood was based on the results ob-
tained from jModeltest, with 10 million Monte Carlo Markov Chain generations
(Bayesian-Monte Carlo simulation by MrBayes sampling every 100 simulation,
and burn-in 10 000). The number of chains was set to four and the rate ma-
trix as well as the base frequencies were then estimated whereby the rates were
site-specific according to codon position.
2.3.3 Modeling variable selective pressure among lineages
The codeml program of PAML v4.0 (Yang 2007) was used in conjunction with
likelihood ratio test (LRT) (Edwards 1992) to detect signs of selection in the
datasets. The cDNA alignment files for SRNase and SLF/SFB along with the
generated Bayesian tree were provided as inputs to the program. The compared
nodes were marked in the tree file and the program was run using default param-
eters, while the model option was changed between zero and two for one-ratio and
two-ratio branch-specific models respectively. Where necessary the omega value
was fixed to one for the marked nodes.
2.3.4 Evolutionary rate estimation among lineages
The Bayesian relaxed molecular clock method as implemented in Beast v1.5.4
(Drummond and Rambaut 2007) was used. This method allows the rate of molec-
ular substitution to be incorrelated across the tree while integrating uncertainty
in tree topology and multiple fossil calibrations (Smith et al. 2010). To create
 
 
 
 
Chapter 2. Molecular Evolution And Computational Modeling 57
Beast input files the application BEAUti (Bayesian Evolutionary Analysis Util-
ity) as implemented in Beast package was used.
Data partitioning 1+2+3 was assigned to allow each codon position to have its
own substitution rate. The substitution rates were generated using a general-
time-reversible substitution model with gamma distribution and invariable rates
among sites, with Markov Chain Monte Carlo runs of 20 000 000 steps sampled
every 1 000 steps and analyzed with Tracer (Rambaut and Drummond 2003)
with a discarded burn-in of 10%. In addition, both datasets were tested using the
relaxed uncorrelated lognormal molecular clock (Drummond et al. 2006) as the
clock model implemented in BEAST. This clock model clusters most rates around
the mean while the evolutionary rate changes are continuous along the branches.
The accuracy of the Bayesian phylogenetic inference is the selection of a prior
distribution on trees and branch length (Akerborg et al. 2008). For this reason
Yule tree prior (Drummond and Rambaut 2007) was used as it is one of
the simplest models of speciation (Steel and McKenzie 2001) and therefore is
more appropriate when considering sequences from different species (Smith et al.
2010). The underlying assumption of this model is that one lineage gives birth to
another without dying. Furthermore, prior estimates for the divergence dates for
selected nodes were specified using normal distributions to 76±1 MYA and 44±1
MYA for the Rosaceae and Prunoideae, respectively (Wikstrom et al. 2001).
2.3.5 Resurrecting ancestral protein sequences of Maloideae SRNase
and SLF/SFB
MrBayes v3.1.2 was implemented for the reconstruction of ancestral states by
the Bayesian method as described by Hall (2006). The data was partitioned by
three codon positions following which the number of substitution types was set
to six, and the rate matrix as well as the base frequencies were estimated. Four
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chains were run for one million generations and trees were estimated every 100
generations, while a consensus tree was estimated using a burn-in of 2 000 trees.
MrBayes requires for each internal node a constraint to be set to keep all of the
descendants of that node together in a clade, while the report command parameter
is set to ancstates=yes. A text manipulation program, ExtractAncseq,
extracts the probabilities of each base at each site from the .p files.
When ancestral sequences are reconstructed, they are exactly the same length as
the alignment and it is necessary to eliminate probable gaps that are present in the
alignment as the result of insertions and deletions (indels) that occurred during
the evolution of the terminal sequence from the estimated sequences (Hall 2006).
To estimate ancestral gaps using the Bayesian method the nucleotide characters
in the DNA alignment were converted to A and the gap characters to G. Bayesian
trees were estimated as described previously by Hall (2006). Finally, to correct
the estimated ancestral protein sequences, the ancestral gap sequences (consisting
of + and -) were written below the corresponding ancestral DNA and protein
sequences. Furthermore, characters corresponding to the - were deleted from the
ancestral protein sequences.
2.3.6 Functional divergence and critical amino acid changes in SRNase
and SLF/SFB
Two types of functional divergence (type I and type II) between gene clusters of the
Rosaceae were estimated by posterior analysis using the DIVERGE v2.0 program
(Gu and Vander Velden 2002), which evaluates the shifted evolutionary rate and
altered amino acid properties after gene duplication or speciation (Gu 2003,2006).
Amino acid sequence alignment of SRNase and SLF/SFB was provided as input
to the program along with a Neighbour-joining tree. The program then
estimates the coefficient of functional divergence I and II for the given datasets.
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2.3.7 Identification of residues under positive selection in Maloideae
SRNase and SLF/SFB
The site-specific models were executed using the codeml program of the PAML to
test for positive selection at individual codons. The cDNA alignments of SRNase
and SLF/SFB along with the previously generated Bayesian tree were provided
as inputs to the program.
The model option was set to zero while the NSsites varied between 0-8 referring
to M0 (one-omega ratio), M1 (neutral), M2 (selection), M3 (District), M7 (beta),
and M8 (beta+ω) as these models are commonly employed in detecting adaptive
evolution among sites (Nielsen and Yang 1998; Yang et al. 2000; Anisimova et al.
2001).
2.3.8 Identification of the HV region(s) in Maloideae SRNase and
SLF/SFB
In this study we used a Bayesian method for site-specific rate estimation using
Markov Chain Monte Carlo (MCMC) methodology to incorporate all possible tree
topologies, branch lengths, and evolutionary model parameters (Mayrose et al.
2004; Mayrose et al. 2005) by McRate v1.0 (Mayrose et al. 2005) using the
JTT model of amino acid substitution (Jones et al. 1992) with a 16-category
discrete gamma distribution and 10 000 generations.
The JTT model was selected as it corrects for multiple hits and includes substitu-
tion rates matrices based on the observed proportion of amino acid substitutions
in larger sets of proteins and is the most commonly used model for protein based
NJ trees.
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2.3.9 Intra-molecular co-evolution
To assess the existence of co-evolutionary relationships among amino acids within
the HV region of SRNase and SLF/SFB with the rest of the amino acids CAPS
v1.0 (Fares and Travers 2006) was used. The cDNA alignments for both datasets
were provided to the program as separate atomic distance sources along with
the PDB files containing structural information for SRNanc and SLFanc. The
program was executed using default parameters, whereby the threshold value for
the correlation coefficient was set to 0.05 along with 10 000 random sampling.
2.3.10 Protein structure prediction and docking
2.3.11 Tertiary structure prediction
The I-TASSER suite (Roy et al. 2010) was used to predict the tertiary struc-
tures of SLFanc, SLFB3, SFBB3α, SFBB3β, SLFB9, SFBB9α, SFBB9β as well
as SRNanc and 17 known SRNase haplotypes (i.e. S1, S2, S3, S4, S7, S8,
S9, S10, S16, S20, S24, S25, S26, S28, S29, S30, S31) (For accession num-
bers refer to Appendix A). This was achieved by running the I-TASSER perl
script (runI-TASSER.pl) which includes the following general steps: i) stan-
dardizing fasta formatted input sequences to be used by the program ii) run-
ning PSI-BLAST to identify homologous sequences from NCBI non-redundant
database and the PDB database iii) running PSIPRED to predict the secondary
structures iv) executing solve to determine macromolecular structure by scal-
ing data and calculating electron density map and combining the experimen-
tal X-ray diffraction data v) running the threading programs sequentially and
using mkinit.pl to generate restraints, vii) performing I-TASSER simula-
tion containing 14 independent runs, viii) running the SPICKER clustering pro-
gram followed by get cscore.pl to get the confidence score, ix ) finally the
EMrefinement.pl is run to generate the full atomic models.
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2.3.12 Molecular structure validation
The quality of the final refined model was subjected to a series of tests for their
internal consistency and reliability. Backbone conformation and overall model
quality were evaluated by PROCHECK (Laskowski et al. 1993) in VADAR v1.8
(Willard et al. 2003) and ProSa-web (Wiederstein and Sippl 2007), respectively.
PROCHECK provides a detailed assessment of the stereochemistry of a protein
structure as compared with well defined structures of the same resolution, while
highlighting regions that may require further investigation (Laskowski et al. 1993).
Furthermore, the ProSa-web is commonly used in the refinement and validation
of protein structures and provides a quality score in the context of known protein
structures as well as energy plots that indicate possible problems in the protein
structure (Wiederstein and Sippl 2007).
2.3.13 Molecular dynamic simulation: Stability test for ancestor pro-
teins
GROMACS v4.5.3 (Van Der Spoel et al. 2005) was used to carry out the molec-
ular dynamic simulation for the predicted structures of SRNanc and SLFanc. The
PDB formatted files were transformed to GROMACS topology files using pdb2gmx.
Furthermore, GROMOS96 forcefield (Daura et al. 1998) as implemented in GROMACS
was employed to describe the interaction between particles.
The protein was solvated in a cubic box using the editconf and genbox pro-
grams. The water model used was the Simple Point Charge water (SPC) (Wu et
al. 2006) as the default solvent of GROMACS. Also to obtain a neutral net charge
for all the systems they were neutralized by the addition of ions Na+ and Cl−, us-
ing the genion program, as implemented in GROMACS package. The electrostatic
potential was then calculated to find the best positions for ion insertion through
replacing water molecules that were at least 3.5 A˚ from the protein surface.
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The system was then energy minimized using the steepest descent algorithm, fol-
lowing which a 10ps simulation was carried out to equilibrate the system. The
final 1 ns simulation was performed using Berendsen weak coupling (Berend-
sen et al. 1984), which keeps the temperature and pressure at 300K and 1bar
respectively (standard room temperature and pressure for scientific work under
which proteins are expected to be stable). Furthermore, to limit the van der Waal
interaction a cutoff value of 1.4nm was applied. Additionally the Particle
Mesh Ewald (PME) method (Darden et al. 1993; Essmann et al. 1995) was
used for Coulomb interactions with a 0.9 nm (9 A˚) boundary.
The LINCS algorithm (Hess et al. 1997) was further used to constrain the bond
lengths. Moreover, the time step during the simulation was set to 2fs, while the
results were saved every 1000 iterations. The trajectories were then analyzed
using g energy, g rms and g gyrate programs. The xmgrace was further
used to visualize the results.
2.3.14 Protein complex structure prediction (Docking)
ZDOCK program was used to evaluate the interactions between currently known
Malus × domestica Borkh. SRNases with SLF/SFBs and their brothers. The
PDB file of the modeled structures of SLF/SFBs and SRNases were used as inputs
to ZDOCK as receptors and ligands respectively.
To run the program the number of top poses for SLF/SFB-SRNase complex was
set to 2 000 with the RMSD cutoff value of 10. For the purpose of this analysis,
only the hypervariable region was provided to ZDOCK as interface, while other
residues were blocked using a perl script (block.pl) implemented in the ZDOCK
package.
ZDOCK output 2 000 poses for SLF/SFB-SRNase complex, which are arranged
according to their binding energies. The structures of these poses were generated
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using a perl script (create.pl) as implemented in ZDOCK. Furthermore, ZRANK
was used to re-rank the ZDOCK scores. The binding energies from ZRANK were
analyzed using Wilcoxon rank-sum test (Wilcoxon 1945), as implemented in the
R-package (R Development Core Team 2012), using stats, urca and tseries
libraries.
Moreover, to determine the accuracy of the scoring function for samples that
were shown to be significant using Wilcoxon rank-sum test, the ZRANK scores
were plotted against RMSD values, whereby ProFit v3.1 (Martin Unpublished,
http://www.bioinf.org.uk/software/profit) was used to calculate ligand RMSDs.
Assuming that the pose with the lowest binding energy is the most near-native,
the structure with the top ZRANK from previous analysis was provided to the
software as the reference structure in PDB format. All the other structures (from
2000 poses) were provided as mobile structures. The reference structure remains
fixed while the mobile structures are fitted on to it. The program was run using
the MULTI command, which allows a multiple set of structures in for fitting.
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2.4 Results and Discussion
2.4.1 Sequence alignment assembly
Multiple sequence alignments of proteins in this study form the basis for phylo-
genetic tree estimation used in the molecular evolution studies of SRNase and
SLF/SFB. Various algorithms exist that are commonly utilized for this purpose
among which MUSCLE v.3.8.31 was employed due to its significant accuracy
and speed. This progressive alignment algorithm consists of three stages, whereby
the first stage involves building a progressive alignment, the second improves the
tree and builds a new progressive alignment according to the tree and the third
stage is allocated to refinements (for details see Edgar 2004).
SRNase and SLF/SFB cDNA sequences were obtained from GenBank (http://ww-
w.ncbi.nlm.nih.gov/) using the relevant accession numbers provided in Appendix
A. These cDNA sequences were translated to amino acid sequences in MEGA5 and
was further used as inputs to MUSCLE. Default parameters were used i.e. max
iteration of 16 and the use of Neighbour joining as the clustering method
to generate the alignment. The amino acid alignments were then used as guides
for inserting gaps into the cDNA sequences in MEGA5. Protein and cDNA mul-
tiple sequence alignments of SRNase and SLF/SFB sequences are presented in
Appendix B.
2.4.2 Data preparation for phylogenetic analysis
Evidence for recombination has been found at the SRNase gene of Solanaceae and
Rosaceae species, as well as in Petunia SLF and Prunus SFB genes (Vieira et al.
2007,2008,2009; Ortega et al. 2006; Wang et al. 2001). Hence, before constructing
a phylogenetic tree several preliminary steps were undertaken to examine the
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homogeneity of the data, and to identify tree informative sequences for the given
datasets.
2.4.3 Detection of heterogeneity in the datasets
One of the important factors before attempting to generate a tree for a molecular
evolution study is to decrease the level of heterogeneity in the dataset through
discarding sequences affected by recombination. This is due to the fact that phy-
logenetic analysis for explaining the relationship between taxa normally assumes
that a single relationship exists between species at every site along the genome
without recombination (Moore and Allaby 2008; Webb et al. 2009).
Since the evolutionary history at each site may be different, a single tree cannot
describe the evolution of the sequences, hence, this may lead to overestimation or
underestimation of branch length along with other problems (Posada 2001; Posada
and Crandall 2002). For this purpose RRTree (Relative-Rate Test with a tree)
package and MEGA5 were adopted as heterogeneity tests using default parameters.
The Relative-rate tests were run separately for SRNase and SLF/SFB to deter-
mine whether any taxa had a different substitution rate in the datasets using
RRTree v1.1.11 package. The algorithm implemented in RRTree package is
weighting by phylogenetic topology, whereby sequences are grouped into in-groups
to be compared and an out-group (each containing any number of sequences).
The distance between two groups of sequences is the mean of all distances between
all pairs of sequences of the two groups, which is weighted by their phylogenetic po-
sitions and the number of nucleotides, compared (for details see Robinson-Rechavi
and Huchon 2000).
The RRTree package requires an alignment file of sequences and the standard
output of this method for each pair of ingroup comparison includes: i) topological
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weights given to all sequences, ii) mean GC content of the two ingroups and the
outgroup, iii) mean substitution rates relative to the outgroup, iv) the rate differ-
ence between the two ingroups, v) the standard deviation and vi) the probability
of the test. The probability of the test (p60.05) was used as the determining
factor for the acceptance or the elimination of sequences in the dataset. A sig-
nificant value for this test suggests that one lineage evolves much faster than the
other as highlighted by the broken lines in Figures 2.4(a) and 2.4(b) for SRNase
and SLF/SFB respectively. On the contrary p<0.05 indicates that the two se-
quences evolve at the same rate. All taxa for the two datasets i.e. SRNase and
SLF/SFB that passed the above tests at the 5% significance level were used for
further analysis.
Furthermore, to confirm and complement these results the output (containing se-
quences that passed the above test) of RRTree package was analyzed in MEGA5.
A Monte Carlo procedure based upon the concept of disparity index, ID, is imple-
mented in MEGA5, which tests the observed difference in substitution patterns for
a pair of sequences, hence testing the homogeneity of the data (Rodriguez-Trelles
et al. 2000; Tarrio et al. 2000).
Due to a large number of sequences in the datasets only a snapshot of the disparity
index matrices are provided for SRNase and SLF/SFB in Figures 2.5(a) and 2.5(b)
respectively. According to this figure, the ID per site is shown for all sequence
pairs, whereby values greater than zero indicate the larger differences in base
composition biases than expected based on the evolutionary divergence between
sequences.
Using the above mentioned techniques a homogenous set of data was gathered
for both SRNase and SLF/SFB, the names and accession numbers of which are
provided in Appendix A.
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Figure 2.4: Bar graph of the Relative-rate test for SRNase and
SLF/SFB sequences. The p-values identified by RRTree package (y-
axis) are plotted against the compared SRNase and SLF/SFB sequences
(x-axis) in (a) and (b) respectively. The broken line represents sequences
with p-value60.05 that passed the test and were used for further analysis.
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(a) SRNase
(b) SLF/SFB
Figure 2.5: Snapshot of the Disparity index matrices. (a) and
(b) represent the matrices for SRNase and SLF/SFB respectively as
generated by MEGA5, whereby all the compared sequence pairs with the
index values greater than 0.05 were eliminated from the study.
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To ensure that the derived dataset is free of recombination the phi-test imple-
mented in SplitsTree was carried out. Phi-test is one of the best approaches
in distinguishing recurrent mutation from recombination in a wide variety of cir-
cumstances (for review refer to Bruen et al. 2006), which produces a p-value of
recombination within a dataset.
The result of Phi-test (using default parameters) for both SRNase and SLF/SFB
did not show any statistically significant evidence for recombination with the p-
values of 0.99 and 1.0. Moreover, SplitsTree performs split decomposition
analysis on allelic profile data. Split decomposition was first described by Bandelt
and Dress (1992) and is a transformation-based approach.
The application of this approach to evolutionary data transforms or canonically
decomposes it into a group of weakly compatible splits which are then represented
by a split graph. Furthermore split decomposition does not force data onto a tree
therefore provides a good understanding of how tree-like the given data are (Huson
1998).
The results of this analysis do not present reticulate topologies for SRNase and
SLF/SFB, while the sequences are divided into two genogroups as shown in Figures
2.6(a) and 2.6(b) respectively. Overall, these results support the homogeneity of
the dataset and thus provide confidence to carry out further molecular evolutionary
analysis.
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(a) SRNase
(b) SLF/SFB
Figure 2.6: Network tree for the recombination test (Phi-test).
The split graphs represent the separation of sequences into two genogroups
for SRNase (a) and SLF/SFB (b), hence supporting the heterogeneity of
the datasets.
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2.4.4 Maximum likelihood mapping
When inspecting phylogenetic trees it is often difficult to assess the support for
different groupings. Hence, in a study Strimmer and Haeseler (1996) described a
method, quartet puzzling (likelihood mapping implemented in TREE-PUZZLE),
for reconstructing the topology (branching pattern) of a phylogenetic tree based
on DNA or amino acid sequence data. This method applies maximum-likelihood
tree reconstruction to all possible quartets that can be formed from n sequences.
These quartet trees are used to reconstruct a group of optimal n-taxon trees.
The principle of quartet puzzling is that for each quartet the probabilities for the
trees are plotted onto an equilateral triangle and assist in identifying the number
of quartets that are resolved with confidence. In this triangle, seven areas are
distinguishable representing the following: i) the three resolved tree topologies,
ii) the star topology and iii) the three partially resolved tree topologies. The
location of the mapped point thus reflects the underlying phylogenetic relationship
between the sequences.
The results of likelihood mapping of SRNase and SLF/SFB show the majority
of the quartet trees to be located in the resolved regions (regions 1, 2, and 3)
i.e. 81.1% and 90.7% for SRNase and SLF/SFB dataset respectively (Fig.2.7(a)
and 2.7(b)). For the same datasets only 7.6 and 5.2% of the quartet trees are
in the partially resolved regions (regions 4, 5, 6) while 11.3 and 4.0% are in the
unresolved region (region 7) respectively (Fig. 2.7(a) and 2.7(b)). These results
suggest that a well-resolved tree may be inferred using SRNase and SLF/SFB
sequences.
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(a) SRNase
(b) SLF/SFB
Figure 2.7: Maximum Likelihood Mapping. Represents equilateral
triangles with most of the quartet trees (green spots) being distributed
in the resolved regions for SRNase (a) and SLF/SFB (b). Regions
one, two, and three correspond to the resolved region; four, five, and six
show partially resolved and region seven refer to unresolved tree topologies.
2.4.5 Multidimensional scaling
Prior to phylogenetic analysis, SRNase and SLF/SFB genes were separated into
Maloideae and Prunoideae groups based on the distance matrices using multi-
dimensional scaling (MDS) (Fig.2.8(a) and 2.8(b)). This approach provides a
2-dimensional view on how similar and/or dissimilar the sequences in the datasets
are using the statistical analyses. Figure 2.8 presents a clear clustering of SRNase
and SLF/SFB genes into separate groups for Maloideae and Prunoideae based on
their similarities. This two dimensional (2D) view should later be reflected in the
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Bayesian phylogenetic analysis of these datasets, and provide a pre-knowledge of
how the data clustering will appear on the tree.
(a) SRNase
(b) SLF/SFB
Figure 2.8: Multidimensional scaling plots. A 2D
view of the distribution of and Maloideae SRNase (a)
and SLF/SFB (b) genes. The green triangles represent
genes that are clustered into two separate groups. Ph S1
and Pi SLF1 are outgroups for SRNase and SLF/SFB
respectively. The plots were generated using SPSS v18
(SPSS Inc. 1999).
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2.4.6 Nucleotide substitution model test
Nucleotide substitution models allow for the calculation of the probabilities of
nucleotide changes along the phylogenetic tree branches. Therefore, a statistical
model selection is an essential step for the estimation of the phylogenetic tree
from the DNA sequence alignment, as this model can affect the outcome of the
phylogenetic analysis (Posada 2008). jModeltest v0.1.1 was used in this
study as a simple, fast and accurate algorithm for the statistical selection of models
of nucleotide substitution. jModeltest provides a rank of models according to
the Akaike information criterion (AIC) (Akaike 1974) and, using the differences
in scores, the program calculates a measure of model support called AIC-weights.
AIC is the amount of information lost when a specific model is used to approximate
the real process of molecular evolution. Therefore, the model with the smallest
AIC is preferred. The results of jModeltest propose the GTR+I+G model and
GTR+G (Section 2.1.2) to best fit the SRNase and SLF/SFB data respectively
(Table 2.1). The selection of the model was based on the model presenting the
highest weight and the lowest AIC values.
Table 2.1: Best predicted models by jModeltest. The rank for each
model is presented by the AIC value.
Model -lnL κ AIC Weight
SRNase
GTR+I+G 23423.867 10 46867.734 1.000
HKY+I+G 23441.839 6 46895.679 8.55e-07
GTR+G 23456.062 9 46930.125 2.83e-14
HKY+G 23477.277 5 46964.554 9.46e-22
SYM+I+G 23480.664 7 46975.328 4.33e-24
SLF/SFB
GTR+G 3456.220 9 6930.4414 0.627
GTR+I+G 3455.984 10 6931.9697 0.2922
HKY+G 3462.663 5 6935.3276 0.054
HKY+I+G 3462.403 6 6936.8071 0.0260
GTR+I 3466.331 9 6950.6636 2.55e-05
Note: -lnL: negative log likelihood; κ: number of estimated (free) parameters; AIC: Akaike
Information Criterion; weight: Akaike weight.
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2.4.7 Bayesian phylogenetic tree reconstruction of the Rosaceae SRN-
ase and SLF/SFB
To explore the phylogeny relationship among genes in the datasets, Bayesian
analysis of gene trees were performed using MrBayes v3.1.2 (Ronquist and
Huelsenbeck, 2003). According to the results of jModeltest, GTR+I+G and
GTR+G were employed as the best fits for SRNase and SLF/SFB respectively
(Table 2.1).
To determine the direction of evolution in phylogenetic tree reconstruction, selec-
tion of the correct outgroup is critical. An outgroup is often used to root unrooted
networks as well as to infer hypothetical ancestral states (Watrous and Wheeler
1981; Sanderson and Shaffer 2002). The outgroup should be outside of, but closely
related to the ingroups. For this reason Ph S1 (Petunia hybrida S1-RNase) and
Pi SLF1 (Petunia integrifolia SLF1) were set as out-groups in the Bayesian phy-
logenetic analysis for SRNase and SLF/SFB.
Furthermore, the phylogenetic tree reconstruction was achieved through the imple-
mentation of parameter estimates for all SRNase and SLF/SFB genes in MrBayes
analysis. These parameters consist of i) four stationary rate frequencies (pi
(A), pi(C), pi (G) and pi (T)), ii) six reversible substitution rates (r(A←→C),
r(A←→G), r(A←→T), r(C←→G), r(C←→T), r (G←→T)), iii) the shape of gamma
distribution of rate variation across sites (alpha) and iv) the proportion of invari-
able sites (pinvar) (Table 2.2).
Furthermore, the Potential Scale Reduction Factor (PSRF) is implemented in
MrBayes for monitoring the convergence of iterative simulations by comparing
between and within variances of multiple chains of MrBayes. When an accurate
parameter is estimated this value is between 1 and 1.02 suggesting that the anal-
ysis has run enough (Brooks and Gelman 1998). This value is in a reasonable
range (Close to 1) for all estimated parameters suggesting that the reconstructed
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Table 2.2: Parameter estimates for all SRNase and SLF/SFB
genes in MrBayes analysis.
Parameter SRNase-all runs SLF/SFB-all runs
Mean PSRF Mean PSRF
pi(A) 0.383 1.024 0.314 1.024
pi(C) 0.245 1.015 0.187 1.015
pi(G) 0.200 1.009 0.245 1.009
pi(T) 0.239 1.011 0.255 1.011
r(A←→C) 0.146 1.017 0.140 1.018
r(A←→G) 0.266 1.005 0.272 1.006
r(A←→T) 0.123 1.002 0.062 1.002
r(C←→G) 0.158 1.003 0.173 1.003
r(C←→T) 0.208 1.020 0.276 1.020
r(G←→T) 0.121 1.004 0.077 1.005
alpha 1.780 1.003 1.110 1.003
pinvar 0.080 1.002 0.016 1.002
Note: PSRF: Potential Scale Reduction Factor that use as a convergence diagnostic; pi(A),
pi(C), pi(G), pi(T): stationary state frequencies of four nucleotide; r(A←→C), r(A←→G),
r(A←→T), r(C←→G), r(C←→T) and r(G←→T): the six reversible substitution rates of nu-
cleotides; alpha: the shape of the gamma distribution of rate variation across sites; pinvar: the
proportion of invariable sites.
trees for SRNase and SLF/SFB are trustable (Table 2.2). The results indicate
that both gene families can be subdivided into two well-conserved subfamilies of
Maloideae and Prunoideae (Fig.2.9). Therefore, it is proposed that the common
ancestral gene of self-incompatibility in the Rosaceae has undergone a speciation
event resulting in the independent divergence of the two groups i.e. Maloideae
and Prunoideae.
The phylogenetic trees demonstrate a trans-specific evolution of SRNase and
SLF/SFB gene families as alleles from different species (Malus and Pyrus) group
together, while Prunus lies in a separate group. These results are consistent with
the findings of Ushijima and colleagues (1998) as well as Igic and Kohn 2001 for
SRNases.
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Figure 2.9: Bayesian phylogenetic tree reconstruction of SRNase
and SLF/SFB. Numbers on the nodes are Bayesian posterior probabilities
for each node. The Maloideae and Prunoideae clusters are labeled for SRNase
(a) and SLF/SFB (b) gene trees. The trees were generated using MrBayes
v3.1.2 (Ronquist and Huelsenbeck 2003) and visualized in FigTree v1.3.1
(http://tree.bio.ed.ac.uk/software/figtree/).
2.4.8 Modeling variable selective pressure among lineages
The phylogenetic trees generated in the previous analysis clearly demonstrate
the division of Maloideae and Prunoideae families into two separate branches,
suggesting different evolutionary histories. The aim of this section is to assess the
role of selection on the divergence of Maloideae and Prunoideae. To achieve this
the evolutionary selective pressures acting on SRNase and SLF/SFB of Maloideae
and Prunoideae were further studied, using various branch models implemented in
PAML, which admit a single ω ratio for the entire tree. Furthermore, a two-ratios
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model allows a different ω ratio in specific branches and assigns a different ω ratio
for each branch. These values are then compared to a null hypothesis of single ω
ratio or with a model where the ω for the branch under analysis is fixed to one
(for details refer to Yang 1998; Yang and Nielsen 1998).
Table 2.3 shows the parameter estimates and likelihood scores for each model,
whereby models A-G carry out an estimation of the ω value and models B-H
determine ω based on different null hypotheses where ω for the branch under
analysis is fixed to one. This is done for both SRNase and SLF/SFB. The esti-
mated likelihood scores for each of the branch models (Table 2.4) are then used
in the calculation of likelihood ratios, whereby different models are compared (i.e.
model A is compared to model B, while models C and D, E and F, and G and H
are compared accordingly) (Table 2.4).
These likelihood ratios are then compared with the χ2 value to assess their sig-
nificance. The χ2 value is determined based on the p-value 0.01 and the freedom
degree (the difference between the number of parameters between the compared
models) of one. The comparison of models A and B, which tests selection in
the entire tree of Rosaceae, suggest the existence of a selection pressure for both
SRNase and SLF/SFB. This can be deduced from the significant likelihood ra-
tio (p<0.01; χ21>6.63) of 24.91 and 280.25 for SRNase and SLF/SFB respectively
(Table 2.4). To better understand the results it is important to determine whether
the selection exists in Maloideae, Prunoideae, or both.
The comparison of models C and D, which examines selection in the Maloideae
subfamily, shows selection to be acting on the SLF/SFB with a significant likeli-
hood ratio of 39.75. On the other hand, no significant selection was identified for
SRNase in Maloideae with the likelihood ratio value of 0.19.
Similar analysis was carried out for the Prunoideae subfamily and both SRNase
and SLF/SFB showed to be under selection with significant likelihood values of
38.06 and 190.88 respectively. These findings further raise the question of whether
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Table 2.3: Parameter estimates and likelihood scores for SRNase and
SLF/SFB under different branch-specific models (i.e. A-H), which allow
different branch groups to be under different evolutionary pressures.
Model P ` ω0 ωP ωM
SRNase (n=74)
A. One ratio: 140 -17014.037 0.798 = ω0 = ω0
ω0=ωP=ωM
C. Two ratios: 141 -17002.567 0.669 = ω0 1.031
ω0=ωP , ωM
E. Two ratios: 141 -17007.300 0.959 0.693 = ω0
ω0 =ωM , ωP
G. Two ratios: 141 -17004.868 0.116 0.823 = ωP
ω0 , ωP=ωM
B. One ratio: 139 -17026.492 1.000 1.000 1.000
ω0 =ωP =ωM =1
D. Two ratios: 140 -17002.660 0.669 = ω0 1.000
ω0 =ωP , ωM=1
F. Two ratios: 140 -17026.332 0.962 1.000 = ω0
ω0 =ωM , ωP=1
H. Two ratios: 140 -17013.901 0.109 1.000 = ωP
ω0 , ωP =ωM=1
SLF/SFB (n=43)
A. One ratio: 86 -19279.046 0.507 = ω0 = ω0
ω0=ωP=ωM
C. Two ratios: 87 -19277.323 0.486 = ω0 0.579
ω0 =ωP , ωM
E. Two ratios: 87 -19279.046 0.506 0.506 = ω0
ω0 =ωM , ωP
G. Two ratios: 87 -19274.497 0.332 0.525 = ωP
ω0 , ωP=ωM
B. One ratio: 85 -19419.169 1.000 = ω0 = ω0
ω0=ωP=ωM =1
D. Two ratios: 86 -19297.199 0.485 = ω0 1.000
ω0 =ωP , ωM=1
F. Two ratios: 86 -19374.487 0.504 1.000 = ω0
ω0 =ωM , ωP=1
H. Two ratios: 86 -19387.949 0.319 1.000 = ωP
ω0 , ωP =ωM=1
Note: Each model estimates different parameters (P), which are proportions of sites the datasets with the
corresponding ω values, i.e. ω0, ωP and ωM . The second column shows the likelihood score for each model,
which will be incorporated in the Likelihood Ratio Test (LRT).
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Table 2.4: Likelihood ratio statistics (2∆lnl) for testing neutral selection
hypotheses.This table examines the null hypothesis (neutral selection) for the ω values
of the compared models and accepts or rejects this hypothesis based on the Likelihood
Ratio Test [2∆lnl=2(lnl1 - lnl0)].
Hypothesis Models 2∆lnl=2(lnl1 - lnl0) Conclusion
Null Compared SRNase
(n=74)
SLF/SFB
(n=43)
ω0=1 A and B 24.91** 280.25** There is selection in the
entire tree.
ωM=1 C and D 0.19 39.75** There is selection in the
Maloideae.
ωP=1 E and F 38.06** 190.88** There is selection in the
Prunoideae.
ω0=ωM=ωP=1 G and H 18.06** 226.90** There is difference in
selection between Mal-
oideae and Prunoideae.
Note: * Significant (p<0.05; χ21=3.84), ** Extremely significant (p<0.01; χ
2
1=6.63)
the levels of selection pressure amongst these two lineages are the same. The com-
parison of models G and H demonstrates that there are indeed different levels of
selective pressures acting on SRNase and SLF/SFB of Maloideae and Prunoideae.
This is deduced from the significant likelihood values of 18.06 and 226.90 for
SRNase and SLF/SFB respectively, which rejects the null hypothesis that as-
sumes ωM= ωp=1 (Table 2.4).
In addressing the aims of this section it can be concluded that selection could
certainly be playing a role in the divergence of the two lineages. Considering
the difference in the evolutionary pressures it is also important to note that both
gene families in Rosaceae are under purifying selection, which is supported by the
ω value of less than 1 (0.798 and 0.507 for SRNase and SLF/SFB respectively)
under model A (Table 2.3). These results complement the findings of Sassa and
collogues (2007) who have reported that the F-box section of SFBB is under pu-
rifying selection, while the HV regions of these genes are under positive selection.
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Moreover, Miller and Kostyum (2010) have indicated positive selection and pu-
rifying selection in the HV regions and conserved regions of Solanaceae SRNase
respectively. Gathered from these it can be concluded that the entire gene of
SLF/SFB is under purifying selection while specific regions within the gene can
experience other types of selective pressures.
Assuming that deleterious mutations in functionally important sequences are elim-
inated from the population by purifying selection over time, the identification of
such natural selection in both SRNase and SLF/SFB signifies their important role
in the Rosaceae family. These results are in line with the findings of Vieira and
collogues who reported neutral selection in Maloideae SRNase when they adopted
rectified selection values (Vieira et al. 2010). However, lack of significant evidence
of selection in SRNase genes of Maloideae should be noted and could be affected
by species sampling and minor changes of assumptions made in the model.
2.4.9 Evolutionary rate estimation among lineages
To estimate the evolutionary rate and the divergence time of Maloideae SRNase
and SLF/SFB, a Bayesian Markov Chain Monte Carlo (MCMC) approach as im-
plemented in Beast v1.5.4 was used. The divergence dates for Rosaceae and
Prunoideae nodes were calibrated based on the available fossil records using nor-
mal distributions to 76±1 MYA and 44±1 MYA, respectively (Wikstrom et al.
2001). The results obtained from Beast for SRNase and SLF/SFB in Maloideae
are implemented on the trees and indicate an origin time of about 29.32 MYA
(95% CI=21.13 - 38.74 MYA) and 29.32 MYA (95% CI=18.33 - 42.48 MYA) for
each protein respectively (Fig.2.10 and 2.11).
This is supported by the fact that maintenance of allele specificities for a long
period is a feature of self-incompatibility systems (Takahata 1990; Vekemans and
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Slatkin 1994). These results are also correlated with the findings of Vieira and col-
leagues (2010), who estimated the divergence time of Maloideae and Prunoideae
to be about 32 MYA. Furthermore it is notable that despite similar average di-
vergence dates for both gene families there is an v6.54 MY difference in their
confidence interval, suggesting that SRNase have indeed experienced more evo-
lutionary changes in a shorter period compared to SLF/SFB. Moreover an MCMC
simulation of 20 million steps, with the first 500 000 steps discarded as the burn-in
time, estimated the rate of evolution (k) to be between 1.216-2.149 substitution-
s/site/My (95% Highest Posterior Density, HPD) for SRNase and 0.660-1.475
substitutions/site/My (95% HPD) for SLF/SFB. These data give an estimated
median value of 1.623 and 1.031 substitutions/site/My for SRNase and SLF/SFB
respectively suggesting varying rates of evolution.
The difference in evolutionary rate rejects the hypothesis that these proteins have
co-evolved. This co-evolutionary hypothesis arises from the fact that in two-
gene systems, the male and female determinants must co-evolve to maintain their
interaction and function (Takayama and Isogai 2005). However, several ways have
been suggested to remove the co-evolution requirement of the pollen and stylar
determinants such as the existence of paralogous genes for SLF/SFB.
The absence of co-evolution between SLF/SFB and SRNase has also been ad-
dressed in Solanaceae and Plantaginaceae (Newbigin et al. 2008), which are in
line with the findings of this study in Maloideae family. An overview of these
results may suggest the possible existence of a collaborative model of interaction
among male and female determinants.
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Figure 2.10: Phylogenetic tree and molecular clock of
SRNase. Blue bars represent mean divergence dates and a geo-
logical time scale in millions of years. Branches are coloured based
on their posterior probabilities and Maloideae and Prunoideae clus-
ters are labeled. The tree was generated using Beast v1.5.4
(Drummond and Rambaut 2007) and visualized in FigTree v1.3.1
(http://tree.bio.ed.ac.uk/software/figtree/).
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Figure 2.11: Phylogenetic tree and molecular clock of
SLF/SFB. Blue bars represent mean divergence dates and a geological
time scale in millions of years. Branches are coloured based on their
posterior probabilities and Maloideae and Prunoideae clusters are labeled.
The tree was generated using Beast v1.5.4 (Drummond and Rambaut
2007) and visualized in FigTree v1.3.1 (Rambaut Unpublished,
http://tree.bio.ed.ac.uk/software/figtree/).
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2.4.10 Resurrecting ancestral protein sequences of Maloideae SRNase
and SLF/SFB
To represent the evolutionary findings of the following sections, a model for SRNase
and SLF/SFB is necessary whereby regions of interest can be shown on a three-
dimensional structure along with their alignment-based representation. This is
achieved through the reconstruction of ancestral proteins of Maloideae SRNase
and SLF/SFB, which could serve to assist in homology inferences. It is notable
that conclusions drawn from such studies may only be as good as the accuracy of
the reconstruction method used. To address this issue, a highly accurate method
for correcting the estimated ancestral sequences is used in this study, which allows
the inference of the sequences of ancient proteins with a high degree of precision
(Hall 2006).
The ancestral amino acid sequences of Maloideae SRNase (SRNanc) and SLF/SFB
(SLFanc) were predicted using a Bayesian method implemented in MrBayes
whereby true ancestral sequences were determined from the estimated sequences
(Fig.2.12(a) and 2.12(b)). Estimated ancestral sequences are the same length as
the alignment, which is corrected by the program using a highly accurate method
to infer true ancestor sequences (Section 2.3.5).
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Chapter 4. Bioinformatics 208
(a) Alignment of the estimated ancestral amino acid sequence of SRNase (SRNanc) with the true
ancestral amino acid sequence.
(b) Alignment of the estimated ancestral amino acid sequence of SLF/SFB (SLFanc) with the
true ancestral amino acid sequence.
Figure 4.7: Alignment of the true ancestral amino acid se-
quences with the estimated ancestral amino acid sequences. The
amino acid sequence of SRNanc (a) and SLFanc (b) based on Maloideae
SRNase and SLF/SFB, respectively. Alignments are generated using
Muscle v3.8.31 (Edgar, 2004) and visualized in ClustalX v2.0.12
(Larkin et al, 2007).
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Cys170 Cys181 Cys193 
(a) SRNase
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i t sti te a cestral a ino acid sequences. The
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, respectively. lign ents are generated using
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i t l, ).
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Cys158 
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Cys117 
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Cys204 Cys212 
Cys253 Cys273 
Cys304 
(b) SLF/SFB
Figure 2.12: ncestral protein sequences of Maloideae SRNase
and SLF/SFB. Ancestral amino acid sequence alignment is presented,
whereby the Estimated and True SRNanc (a) and SLFanc (b) amino
acids are aligned and the Cystein residues are marked. The ancestor
sequences were predicted using MrBayes v3.1.2.
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The true SRNanc sequence length is 197 amino acids, whereas, the estimated
SRNanc amino acid sequence is 242 characters. In addition, the true SLFanc
is 351 amino acids, whereas the estimated SLFanc amino acid sequence is 417
characters.
There are numerous gaps (v16-18%) in the true amino acid sequences when it is
aligned to the estimated ones that show the true length of the ancestral sequences.
SRNanc contains eight cysteines (Cys15, Cys22, Cys48, Cys92, Cys156, Cys170,
Cys181, Cys193) residues (Fig.2.12(a)), whereas SLFanc contains 16 Cysteine
residues, namely Cys28, Cys34, Cys60, Cys112, Cys117, Cys127, Cys141, Cys158,
Cys172, Cys202, Cys204, Cys212, Cys253, Cys261, Cys273, Cys304 (Fig.2.12(b)).
The presence of these residues result in the formation of disulfide linkages, which
provides a covalent structure support for the protein (Martelli et al. 2002).
2.4.11 Functional divergence and critical amino acid changes in SRNase
and SLF/SFB
Many similarities are found between the GSI system of Prunoideae and Maloideae
that are compatible with the single origin hypotheses for SRNase-based GSI. Nev-
ertheless, there are also many important differences between the two Rosaceae GSI
systems (Vieira at al. 2010). However, how these differences arise is still unclear.
The aim of this section is to address this through identifying critical amino acid
changes between the two subfamilies by assessing functional divergence at these
sites.
A site-specific posterior profile approach was applied to predict Type-I and Type-II
functional divergence between the Maloideae and Prunoideae within the Rosaceae
family to identify amino acid changes that are critical to the function of SRNase
and SLF/SFB (Section 2.3.6). Using this method site-specific profiles are estab-
lished by posterior probability analysis and significantly divergent clusters are then
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revealed. Type-I functional divergence was used to identify site-specific rate shifts
while type-II was used to identify shifts in the properties of these amino acids. To
carry out this analysis the program DIVERGE v2.0 was used, whereby the co-
efficients of Type-I functional divergence (θI) between Maloideae and Prunoideae
were identified to be 0.69±0.09 and 0.44±0.07 for SRNase and SLF/SFB, re-
spectively. Furthermore the coefficients of Type-II functional divergence between
Maloideae and Prunoideae were found to be θII=0.12±0.09 and θII=0.44±0.09 for
SRNase and SLF/SFB, respectively. These values are significantly greater than
zero, which allows for the speculation that evolutionary rate differences may have
occurred at certain amino acid residues following a gene duplication event. Addi-
tionally it may be deduced that some of the identified sites with evolutionary rate
differences may have experienced radical changes in their amino acid properties.
The posterior probability Q1(k)>0.7 was used to identify the Type-I functional
divergence in Maloideae and Prunoideae SRNase and SLF/SFB.
Residues identified under type-I were analyzed for type II functional divergence
using the posterior probability of Q1(k)>1, which are hence recognized as residues
with changed amino acid properties. Figure 2.13(a) and 2.13(b) are bar graphs,
showing amino acids under type I functional divergence. The x-axis shows the po-
sition of amino acids on SRNanc and SLFanc sequences respectively, while the y-
axis show the posterior ratio whereby the cutoff Q1(k)>0.7 is marked with a green
broken line. As some of these amino acids are experiencing type II functional di-
vergence as well, the bars are color-coded. The blue bars represent residues under
type I functional divergence only, whereas red bars are those that experience both
types of divergences. In total 37 amino acids were identified in Maloideae SRNase
to be under Type I functional divergence with 21 of these showing shift in their
properties. Moreover with respect to SLF/SFB 39 amino acids were identified to
be under Type I functional divergence among which 25 residues are experiencing
property changes. Table 2.5 shows a list of amino acid sites that have under-
gone type I and type II functional divergence. All identified sites show posterior
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probabilities of Q1(k)>0.7, suggesting type I functional divergence whereas val-
ues under type II present Q1(k)>1.0, suggesting change in amino acid properties
at the specified positions (Table 2.5). In conclusion, amino acids identified to
have experienced functional divergence could indeed be responsible for differences
observed in the GSI systems of the two Rosaceae subfamilies.
(a) SRNase
(b) SLF/SFB
Figure 2.13: Site-specific profile for predicting critical amino
acid residues responsible for the Type-I/II functional divergence
between Maloideae and Prunoideae S-locus genes. Blue bars
represent the identified amino acids under Type-I functional divergence,
whereas those with property shift (functional divergence II) are repre-
sented by red bars. A posterior ratio cutoff of 0.7 is marked by broken
green lines whereby residues (x-axis) with posterior ratio (y-axis) greater
than seven are considered functionally diverged.
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Table 2.5: A set of amino acid sites involved in the functional divergence
of Maloideae and Prunoideae S-locus genes. Values under Type I and II refer
to the posterior probability of each site suggesting values >0.7 and >1.0 respectively.
The values were generated using DIVERGE v2.0.
SRNase SLF/SFB
Site Type I Type II Site Type I Type II
24 0.99 1.93 29 0.83 9.06
29 1.00 40 0.82
39 0.98 59 0.82 9.11
40 0.99 72 0.90
41 0.99 74 0.79 5.76
46 1.00 1.59 77 0.99 3.08
47 0.99 1.33 90 0.76 4.57
50 1.00 109 0.99 5.16
67 0.96 120 0.92 4.85
71 0.90 3.54 123 0.93 4.77
76 0.81 124 0.94 6.83
77 0.99 130 0.81 5.68
79 0.99 1.57 131 0.80 4.62
83 0.94 1.43 134 0.96
85 0.84 4.46 137 0.93 3.64
87 1.00 149 0.78
95 0.99 1.39 165 0.84
96 0.94 167 0.82 9.19
97 1.00 1.22 174 0.96 3.35
99 0.94 177 0.80 4.65
102 0.96 2.89 183 0.95 6.73
104 0.84 194 0.81 9.39
106 0.97 2.63 197 0.82 9.20
108 0.99 1.55 198 0.99 5.15
109 0.79 1.27 201 0.86
112 1.00 1.10 216 0.82
116 1.00 1.56 224 0.90
131 0.95 1.55 229 0.74
132 0.99 1.41 234 0.80 4.67
137 0.99 235 0.94 6.80
138 0.99 1.44 240 0.82 9.20
139 0.92 244 1.00
143 0.81 4.53 246 0.99
148 0.94 251 0.89 3.93
152 1.00 1.56 253 0.99
154 0.91 1.63 258 0.82
159 0.99 262 0.78
265 0.75 3.27
287 0.80 4.67
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2.4.12 Identification of residues under positive selection in Maloideae
SRNase and SLF/SFB
Indirect experimental evidence suggests that positively selected amino acid sites
play a role in specificity determination (Vieira et al. 2007). Various schools
of thought suggest that the amino acids in the HV region(s) are generally under
positive selection and play crucial roles in self/non-self-recognition. However, other
studies have suggested that amino acids outside the HV region are also important
for the specificity (Zisovich et al. 2004; Ortega et al. 2006; Vieira et al. 2007). This
study further aims at identifying the location of positively selected sites i.e. those
likely responsible for defining specificity differences at the SRNase and SLF/SFB
genes. Comparison of the rates of non-synonymous and synonymous changes can
be used to assess the kind of selective pressure acting on a gene (Sawyer et al.
2005).
To identify sites under positive selection in Maloideae SRNase and SLF/SFB
the PAML v4.0 package was used as described in Section 2.3.7. A number of
codon substitution models are implemented in codeml, which were used to detect
positive selection (for review see Yang and Bielaeski 2000; Yang 2002).
The likelihood ratio test was used to determine residues with dN/dS significantly>1
suggesting that these amino acids are under positive Darwinian selection. Neutral
models (M0, M1, and M7) were compared to selection models (M2 and M8) and
models for heterogeneity of dN/dS among sites (M3).
Table 2.6 shows the position of SRNase and SLF/SFB amino acids under positive
selection using different evolutionary models. The likelihood ratio tests comparing
different models of selection for SRNase and SLF/SFB suggest that the models of
positive selection fit the data significantly (p<0.001) better than the neutral selec-
tion models. The likelihood for dN/dS fixed to one was compared to when dN/dS
was allowed to be greater than one. Model M8 shows a stronger positive selection
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on the identified residues (40 amino acids) with the dN/dS=1.271. Furthermore
M2 detected 38 amino acids under positive selection with dN/dS=1.287, while M3
detected a large number of sites (105 sites) with dN/dS=1.383 (Table 2.6). How-
ever, model M3 is known to over-predict sites subject to positive selection when
there are a large number of neutral sites (Anisimova et al. 2001). Model M8 on
the other hand is the most accurate of the models (Anisimova et al. 2001).
Despite the differences in the number of sites predicted and varying estimated
dN/dS ratios, all models (i.e. M2, M3, and M8) predicted 38 amino acid sites
in common. Furthermore, the phylogenetic analysis revealed 20.3% of all amino
acids to be under positive selection that is consistent with the result of Wilson
and McVean (2006) who detected 22.7% amino acids sites under positive selection
in SRNase using population genetic methods.
Additionally 10 of these residues (positions 40, 41, 46, 47, 50, 76, 79, 83, 87, 138)
were identified (Section 2.4.11) to be involved in functional divergence, five of
which (positions 40, 41, 46, 47, 50) were found to have experienced shifts in their
properties as well. Thus it is estimated 25% of the positively selected sites are
involved in the functional divergence between Maloideae and Prunoideae. Hence
emphasizing the importance of these residues in the divergence of the GSI systems
in the Maloideae from the Prunoideae.
With respect to Maloideae SLF/SFB, models M3 and M2 detected a single site
under positive Darwinian selection while M8 identified two sites, among which
amino acid 266 is common. The significant difference in the number of positively
selected sites between SRNase and SLF/SFB could be due to either i) a number
of positively selected sites were missed when using PAML (Yang 1997), ii) limited
number of available sequences for SLF/SFB (n=9) in Maloideae (Castric and
Vekemans 2007), and iii) the most likely reason would be the presence of multiple
SFB genes in the S -locus of Maloideae, based on which high allelic divergence
of pollen-S is not necessary. The outcome of this analysis has contributed to
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Table 2.6: Likelihood ratio tests of models to detect residues under positive
selection in SRNase and SLF/SFB.
Data set -2(ln λ) df P value dN/dS PS sites
SRNase
M0 vs. M3 (κ=3) 748.608 4 P<0.001 1.383 2, 12, 14, 16, 17, 19, 23,
26, 39, 40, 41, 42, 43,
44, 46, 47, 49, 50, 51,
52, 53, 54, 55, 56, 57,
58, 59, 60, 61, 62, 63,
66, 73, 74, 76, 77, 78,
79, 80, 83, 84, 85, 87,
91, 94, 96, 98, 99, 100,
101, 102, 104, 105, 109,
112, 113, 114, 120, 124,
126, 128, 130, 131, 132,
133, 136, 137, 138, 139,
141, 142, 146, 147,
148, 149, 150, 151,
152, 155, 159, 164,
165, 171, 172, 173,
177, 178, 179, 180,
181, 184, 187, 188,
189, 190, 191, 192,
194, 195, 196, 199,
200, 201.
M1 vs. M2 237.416 2 P<0.001 1.287 40, 41, 43, 46, 47, 49,
50, 51, 52, 53, 54, 55,
56, 59, 60, 62, 73, 76,
79, 80, 83, 87, 94, 98,
101, 120, 133, 136, 138,
164, 165, 177, 187, 190,
191, 196, 199, 200.
M7 vs. M8 237.940 2 P<0.001 1.271 40* , 41* , 43, 46* ,
47* , 49, 50* , 51, 52,
53, 54, 55, 56, 59,
60, 62, 73, 76 , 79 ,
80, 83 , 87 , 94, 98,
101, 120, 130, 133, 136,
138 , 152, 164, 165,
177, 187, 190, 191, 196,
199, 200.
SLF/SFB
M0 vs. M3 (κ=3) 184.196 4 P<0.001 0.723 266
M1 vs. M2 29.656 2 P<0.001 0.757 266
M7 vs. M8 34.268 2 P<0.001 0.723 148, 266
Note: amino acids with p >0.01 are bolded, while the rest are significant with p >0.05. Shaded positions
refer to Type I functionally diverged amino acids under positive selection. *: Positively selected sites that
have experienced change in properties.
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the recognition of important amino acid sites involved in self-incompatibility in
Maloideae, which will later be assessed for their involvement in binding specificities
through determining the location of the HV region on SRNase and SLF/SFB
genes.
2.4.13 Identification of the HV region(s) in Maloideae SRNase and
SLF/SFB
The hypervariable region(s) is involved in the control of allele specificity, which ne-
cessitates the identification of such region(s) in Maloideae SRNase and SLF/SFB
for further docking studies. To achieve this McRate v1.0 (Mayrose et al. 2005)
was used to determine site-specific evolutionary rates using set parameters.
The evolutionary rate for each site was averaged with that of its neighbours in
a sliding window of sizes 11-13. A HV region containing 24 amino acids from
Ser40-Pro63 (loop 2 and a section of α2-helix) was identified for SRNase based on
the ancestor amino acid sequences and is indicated by red bars in Figure 2.14(a).
In terms of SLF/SFB, 27 amino acids of Lys247-Cys273 (loop 19 and a section
of β16-sheet) were found in the HV region with high evolutionary rates based on
SLFanc amino acid sequences and is presented by red bars in Figure 2.14(b). These
results are in line with the findings of Vieira and colleagues who identified a HV
region in the C-terminus of amino acid positions 41-61 for Malus/Pyrus SRNase
(Vieira et al. 2007).
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Figure 2.14: Site-specific evolutionary rate profile of Maloideae
SRNase and SLF/SFB. Bar graphs represent the site-specific evolu-
tionary rate (y-axis) for SRNase (a) and SLF/SFB (b) plotted against
the amino acid sites (x-axis), whereby sites highlighted in red refer to
amino acids with the most evolutionary rate variation determined using a
sliding window of 11-13. The site-specific rate of evolution was evaluated
using McRate v1.0 (Mayrose et al. 2005), and the plot was generated
in Microsoft Excel 2008.
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Concerning SLF/SFB a HV region was detected in the C-terminus of SLFanc,
which is consistent with the results obtained by Tao and colleagues with the only
exception that they described two HV regions (HVa and HVb) in Prunus SLF/SFB
(Tao and Iezzoni 2010). This difference could well be explained by the preceding
findings of this study, whereby Prunoideae and Maloideae were shown to diverge
over the course of evolution (Fig.2.9). Indeed this divergence has had functional
implications for the two lineages resulting in differences between their GSI systems.
Additionally, to identify critical amino acids within the HV region previous re-
sults of SRNase functional divergence, as well as sites under positive selection,
were assessed for their possible locations within this region. Accordingly, 16 of
the previously determined positively selected sites were positioned in the HV re-
gion, namely Ser40, Asn41, Asn43, Lys46, Tyr47, Lys49, Thr50, Pro51, Thr52,
Tyr53, Gln54, Thr55, Met56, Lys59, Asn60 and Glu62. Furthermore, five of these
amino acids, namely Ser40, Asn41, Lys46, Tyr47, and Thr50, were identified to
be involved in functional divergence of Maloideae SRNase, all of which have ex-
perienced change of properties as well. These features further support the crucial
role of the HV region in the binding specificities of S -genes.
With respect to SLF/SFB the previously identified positively selected site Arg266
was located within the HV region. Through evaluation of the positively selected
sites in Prunus SFB, Nunes et al. (2006) have identified 23 amino acid sites
under positive selection, 21 of which were located within the HV region of this
species. This dissimilarity could be explained by the fact that the two subfamilies
of Rosaceae to which Malus and Prunus belong have different GSI systems. Ad-
ditionally 2 of the 18 predicted amino acids found to be involved in the functional
divergence are located within the HV region as well, namely Phe251 and Asp265.
It can therefore be elucidated that all of these amino acid sites are important in
the specificity recognition and function of SRNase and SLF/SFB in Maloideae.
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2.4.14 Intra-molecular co-evolution
The structure and function of a protein is thought to be dependent on coordi-
nated interactions among its amino acids. Intra-molecular evolution of SRNase
and SLF/SFB were tested using CAPS v1.0 to identify co-evolution between
pairs of amino acid sites that are functionally linked (Section 2.4.11). Co-evolving
residues are expected to participate directly in the catalytic function of the protein
(McDaniel and Wu 2009). This therefore draws our attention to the significance
of identifying such residues outside and within the HV region.
The protein-coding sequence alignment of existing SRNase and SLF/SFB genes
(Appendix B) were used as inputs along with the modeled structure information of
SRNanc and SLFanc in the PDB format, predicted in Sections 2.4.15 and 2.4.16.
The main aim of this analysis was to identify co-evolution between the amino
acids within the identified hypervariable region and those outside it. With respect
to SRNase six amino acids Asp44, Ile58, Pro51, Lys59, Leu61, Glu62 in the HV
region were involved in a co-evolution network with Asn16, Pro21, His102, Asn126,
Glu130, Lys132, Gly172, Asp176, Thr180, outside this region (Table 2.7).
These co-evolutionary relations are as follows: i) Asp44 showed co-evolution with
Asn16, Lys132, and Thr180, ii) Ile58 with Pro21, His102, and Asp176, iii) Lys59
was shown to co-evolve with Glu130, iv) Leu61 with Asn126, and Gly172, v) Glu62
with Pro51 (both inside the HV region), and vi) Asn126 was shown to co-evolve
with Gln114 (Table 2.7). Amongst co-evolving amino acids Lys59 and Glu62 in
the HV region as well as Glu130 outside the HV region were identified to be under
positive selection, while His102 and Lys132 are involved in functional divergence
with property shifts.
With respect to SLF/SFB nine amino acids, namely Lys247, Phe248, Glu255,
Ser256, Ile257, Asp265, Ser267, Lys271 and Leu272, located within the hyper-
variable region show co-evolution with Ile232, Leu238, Leu307, Gln162, Gly229,
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Table 2.7: Co-evolution of amino acid sites in the HV region with other
amino acid sites in Maloideae SRNase and SLF/SFB. The Correlation values
with respect to each pair of amino acid sites reflects how evolutionarily correlated these
sites are. Significant correlations are determined based on the p-values. The data was
generated using CAPS v1.0.
Site 1 Site 2 Correlation P-value Atom
Distance
SRNase
44 16 0.333 0.042 27.194
44 180 0.470 0.022 20.206
44 132* 0.344 0.040 36.927
58 21 0.349 0.039 26.682
58 102* 0.372 0.037 11.192
58 176 0.536 0.014 25.729
59 130 0.419 0.029 37.215
61 126 0.930 0.001 32.632
61 172 0.419 0.029 22.723
62 51 0.317 0.045 21.174
SLF/SFB
247 232 0.596 0.048 25.701
248 238 0.660 0.034 18.726
255 307 0.751 0.011 13.441
256 167* 0.707 0.016 21.685
257 229 -0.621 0.043 20.375
265* 299 0.770 0.008 17.201
267 242 0.786 0.007 16.469
271 226 0.679 0.044 29.094
272 195 0.760 0.009 25.120
272 207 0.604 0.046 23.190
Note: Bolded values: positions under positive selection, shaded: functionally diverged amino acid sites (Type
I), and *: functionally diverged amino acid sites with shifted properties (Type II).
Leu299, Arg242, Phe226, Ile195 and Tyr207, located outside the HV region respec-
tively. Additionally Asp265 in the HV region was identified to be under positive
selection. Furthermore, Gln167 and Gly229 outside the HV region have experi-
enced type I functional divergence, whereas only Gln167 has experienced property
change (Table 2.7). These results along with other evolutionary findings will fur-
ther be mapped to the tertiary structure of SRNanc and SLFanc (Sections 2.4.15
and 2.4.16).
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2.4.15 Tertiary structure prediction of SRNase ancestor (SRNanc)
protein
For the purpose of mapping the evolutionary findings in the previous sections, the
tertiary structure of SRNanc and SLFanc were predicted using the I-TASSER
suite. The choice of the I-TASSER suite was mainly due to the combination
of different approaches for threading, fragment assembly, ab initio loop modeling
and structural refinements, which make its predictions significantly more accurate
compared to other available prediction methods. Studies have shown that TASSER
ab initio modeling has a higher success rate than the MODELLER, which is a widely
used program in protein structure prediction (Mukherjee et al 2010).
Furthermore it was shown that I-TASSER is able to pull templates that are
very close to the native conformation. It also uses high-quality consensus re-
straints taken from various templates by LOMETS to refine protein structures,
while the atomic-level structure refinements improve hydrogen-bonding networks
(Zhang 2009).
Table 2.8 shows the top ten templates identified by LOMETS threading programs
and used by I-TASSER to model the tertiary structure of SRNanc (197aa). These
programs include MUSTER, HHSEARCH, SP3, PROSPECT2, PPA-I, HHSEARCH
I, SPARKS and SAM T99. Seven of these threading programs identified 1iqqA
as the closest structural homolog with 65% sequence identity and 98% coverage,
which corresponds to the tertiary structure of Pyrus pyrifolia S3-RNase (Fig.2.15).
The position of three Pyrus pyrifolia S3-RNase active site residues i.e. His33,His88,
Lys87 as well as eight cystein residues (Cys15,22,48,91,155,170,181,193) involved
in four disulphide linkages are highlighted in the alignment as presented in Fig-
ure 2.15. These cysteine residues show good alignment with the corresponding
residues in SRNanc, which makes Pyrus pyrifolia S3RNase a reliable template
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Table 2.8: Top-ten templates identified by LOMETS to model the
3D-structure of SRNanc.
PDB %Identity %Coverage Norm.
Hit Z-score
1iqqA 65 98 4.55
1iqqA 65 98 5.15
1iqqA 65 98 5.12
1iqqA 65 98 4.86
1iqqA 65 98 4.37
1iqqA 65 98 4.32
1iqqA 65 98 5.12
1iybA 30 97 4.66
1bk7A 32 93 4.18
1sglA 29 95 4.76
Note: 1iqqA: Pyrus pyrifolia S3-RNase (Matsuura et al. 2001), 1iybA: Nicotiana glutinosa
Ribonuclease NW (Kawano et al. 2002), 1bk7A: Momordica charantia Ribonuclease MC1
(Nakagawa, 1999), 1sglA: Trichosanthes lepiniana S -like ribonuclease (Gan et al. 2004).
structure. Furthermore the normalized Z-scores of the top ten threading align-
ments are between 4.18 and 5.15 that is suggestive of a good quality (Z-score>1)
of the threading alignments (Table 2.8).
Additionally the accuracy of the top five predicted models for SRNanc were as-
sessed through analyzing their C-scores (Section 2.1.9.4). Since all the decoys dur-
ing the I-TASSER simulations were highly conserved for SRNanc, the SPICKER
clustering algorithm have detected one cluster and therefore output one cluster
centroid model with the C-score of 1.74. This value suggests a good prediction as
a more positive value in the range of -5 to 2 represents a model of better qual-
ity. Moreover, the TM-score and RMSD values (Section 2.1.9.4) can be used to
assess model quality as well. These values are only provided for the first model
by I-TASSER because the correlation between C-score and TM-score is weak for
lower ranked models. The TM-score and RMSD values for SRNanc are equal to
0.96±0.05 and 2.0±1.6 A˚ respectively.
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2.4.15.1 Molecular structure validation of the predicted structure of SRNanc
The quality of the final modeled structure of SRNanc was evaluated for its internal
consistency and reliability using backbone conformation and overall model quality
using PROCHECK (Laskowski et al. 1993) in VADAR v.1.8 (Willard et al. 2003).
The distribution of the ψ/φ angles of all amino acids (100%) of the modeled
structure are in the core and allowed region of the Ramachandran plot (Fig.2.16).
Figure 2.16: Ramachandran plot of the φ/ψ distribution of the
modeled SRNanc. The red, yellow, green, and gray areas refer to core,
allowed, general, and disallowed regions of the plot respectively. The plot
was generated using PROCHECK (Laskowski et al. 1993) in VADAR v1.8
(Willard et al, 2003).
Furthermore to calculate the quality score of the predicted structure of SRNanc,
ProSa-web (https://prosa.services.came.sbg.ac.at/prosa.php) was used, which
examines the structure of the predicted protein in the context of experimentally
solved ones. Figure 2.17 clearly illustrates that the Z-score of the modeled SRNanc
(Z-Score: -7, 197aa) falls within the regions of experimentally solved structures of
proteins with similar size in NMR experiments. The Z-score is an indication of the
overall model quality and measures the deviation of the total energy of the struc-
ture with respect to an energy distribution derived from random conformations
(Sippl 1993).
 
 
 
 
Chapter 2. Molecular Evolution And Computational Modeling 103
SRNanc 
Figure 2.17: Z-score plot of all experimentally determined
proteins. Protein structures from NMR experiments are coloured in
dark blue whereas those from X-ray experiment are indicated by light
blue. The location of SRNanc z-score is within the boundaries of the
experimentally determined structures. The plot was generated using
ProSa-web (Wiederstein and Sippl 2007).
The PDB formatted structure of SRNanc was visualization in PyMol v1.4.1 and
indicates the presence of seven α-helices and four β-sheets (Fig.2.18). Furthermore
the structural comparison was performed using the Dali server (Holm and Rosen-
strom 2010). The predicted structure of SRNanc was found to have significant
similarities with Momordica charantia ribonuclease MC (1ucgB, 1j1gA, 1uccA)
and ribonuclease MC1 (1v9hA, 1j1fA) with RMSD values between 2.1-2.3 and the
identity of 30-31% (Fig.2.19).
These structures were further superimposed with the predicted structure of SRNanc
to clearly visualize their similar topologies (Fig.2.19). It is therefore concluded that
the predicted model for SRNanc has a good homology with the experimentally
solved structures of RNase T2 family enzymes and thus can have a function in
maintaining self-incompatibility.
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Figure 2.18: The predicted tertiary structure of SRNanc with
seven α-helices and four β-sheets. The structure was visualized in
PyMol v1.4.1.
Appendix A. Analyzed Sequence Information 19
Table A.19:
PDB Z-score RMSD Ali. L. No. of % Id. Description
Hit (A˚) Res.
1ucgB 22.9 2.2 186 190 30 Ribonuclease MC
1j1gA 22.9 2.1 186 190 31 Ribonuclease MC1
1v9hA 22.8 2.3 186 193 31 Ribonuclease MC
1j1fA 22.8 2.1 186 191 31 Ribonuclease MC1
1uccA 22.8 2.1 186 190 31 Ribonuclease MC
Figure 2.19: Presentation of proteins with similar folding
topologies to the predicted SRNanc structure and their super-
imposition. A similar folding topology is suggested for the predicted
structure of SRNanc (presented in green) with Momordica charantia’s
Ribonuclease MC and MC1. The structures were superimposed and
visualized in PyMol v1.4.1.
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2.4.15.2 Molecular dynamic simulation of the predicted structure of SRNanc
Considering that the ancestral sequences of proteins are not known and are solely
based on predictions using available protein sequences, confirming their accuracy
is crucial. Thus the quality assessments for the modeled ancestor proteins were
taken a step further by carrying out a molecular dynamic simulation analysis.
The reconstruction of ancestral sequences involves mutating certain amino acid
sites. These mutations however might affect protein stability and function, which
necessitates the assessment of the predicted protein stability under standard tem-
perature and pressure (i.e. 300K and 1 bar).
The results of the molecular dynamic simulation were visualized in VMD v1.9.1
(Humphrey et al. 1996) (Fig.2.20(a)). The GROMACS program not only yields
information on the structural properties of the simulation, but on the energies
as well. These information were analyzed using the g energy command and the
visualized results of this step suggest that the potential, kinetic, and total energies
of the predicted SRNanc model are stable throughout the run (Fig.2.20(b)).
Observing any sudden changes in any of these energies would be uncommon for a
system in thermal equilibrium with a bath of water molecules. The next step in the
analysis for confirming protein stability is the global structural analysis, whereby
the root mean square deviation (RMSD) and the radius of gyration are assessed
using g rms and g gyrate programs respectively (Section 2.3.13). The RMSD
measures the distance between the same types of atoms for two structures in time.
Typically this value should not change more than 3 A˚ within 1ns of molecular
dynamic simulation time. Figure 2.20(c) shows the plot of RMSD values against
time (ps) and indicates the maximum deviation of 0.25 nm (2.5 A˚), which is within
the expected range. The second indicator of large structural changes in protein
is the radius of gyration, which is the mass weighted length of each atom from
the center of mass (COM). The radius of gyration (Rg) is an indication of how
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Figure 2.20: The MD simulation of the predicted SRNanc
structure. a) graphical representation of the MD simulation trajectory.
The beginning of the trajectory is coloured in red, the middle in white and
the end in blue. b) Energy stability of the predicted SRNanc structure
throughout the simulation time is shown with the red, green and black
lines referring to kinetic, total and potential energies respectively. c)
Shows the RMSD values of the structure against the simulation time. d)
Shows the radius of gyration plotted against simulation time. The MD
simulation was carried out using GROMACS v4.5.3 (Van Der Spoel et
al. 2005) and the plots were generated using xmgrace.
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folded the polypeptide chain is. If the protein is stably folded, it will maintain a
relatively steady value of Rg however if the protein unfolds its Rg will change over
time. Figure 2.20(d) illustrates that the Rg values remain invariant for SRNanc
during the run, with the fluctuation between 1.69 to 1.73 suggesting that the
protein remains very stable in its compact or folded form for the duration of 1ns
at 300K.
2.4.16 Tertiary structure prediction of SLF/SFB ancestor (SLFanc)
protein
With respect to SLFanc (351aa), Table 2.9 shows the list of templates identified
by LOMETS threading programs, among which only seven have the normalized
Z-score>1. These templates were determined by HHSEARCH, SP3, PROSPECT2,
SPARKS and SAM T99. The PDB hits corresponding to these seven templates
include, 3mksA (Yeast Cdc4/Skp1-SCF-I2), 2ovpB (Human Fbw7-Skp1-cyclin E
complex), 1qfmA (Sus scrofa Prolyl-oligopeptidase), 2uvkA (E. coli beta-propeller),
2dyhA (Mus Musculus Kelch-like ECH-associated protein1), and 2xn4A (Human
Kelch-like protein2) (Table 2.9).
The percentage sequence identity between the templates and the SLFanc in the
threading aligned region ranges between 8-14%. Furthermore the coverage of
the threading alignment is between 61-99%. Despite the lack of strong sequence
similarity between the templates and the SLFanc, the good coverage suggests that
there are very few unaligned regions (Fig.2.21).
To assess the accuracy of the top five models of SLFanc the C-scores were exam-
ined, whereby the C-scores of -2.49 and -2.58 were determined for these models.
Despite the negative values, the C-scores are still in the range of -5 to 2 and may
be good at least in the core region. As the protein contains long C-terminal loop
consisting of 49 amino acids (residues 61-104) the C-score might be lowered. Fur-
thermore the TM-score and RMSD values for SLFanc is equal to 0.42±0.14 and
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12.5±4.3 A˚ respectively. Even though the TM-score>0.5 proposes a great similar-
ity in topology the TM-score predicted for this model is still significantly greater
than 0.17, suggesting relatively similar topologies between the SLFanc model and
the native structure.
2.4.16.1 Best structure selection among the modeled structures of SLFanc
To determine the best model amongst the top five predicted models by I-TASSER
the following parameters were examined, namely C-score, QMEANnorm-score and
folding energy (Table 2.10). Qualitative Model Energy ANalysis (QMEAN) is a
scoring function that analyzes various geometrical aspects of a protein structure.
It has been shown that QMEAN can significantly discriminate between good and
bad models, whereby a higher score is suggestive of a better quality model. Based
on these analyses model2 was selected as the best model representing SLFanc
structure, with the following scores: C-score=-2.49, QMEANnorm-score=0.392
and folding energy=-306.74 (Table 2.10). Furthermore the choice of model two as
the best model was assessed through the comparison of the secondary structures of
the top five models with that predicted for SLFanc (Fig.2.22). The position of F-
box and FBA 1 domains are highlighted in Figure 2.22 and their assessment for the
five models suggests that model two best represent the predicted SLFanc secondary
structure. Therefore the choice of model in this study is further confirmed.
Table 2.10: The top five predicted models for SLFanc by the
I-TASSER suite.
Protein C-score Folding QMEANnorm
Model energy Score
model1 -2.49 -327.05 0.29
model2 -2.49 -306.74 0.39
model3 -2.49 -286.19 0.16
model4 -2.49 -264.38 0.20
model5 -2.58 -332.74 0.39
Note: Shaded region refers to the best model among the top-five.
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Predicted secondary structure 
Model 1 
Model 2 
Model 3 
Model 4 
Model 5 
Figure 2.22: Comparative view of the secondary structures of
SLFanc and those of the top-five predicted models by I-TASSER.
The shaded regions indicate the F-box and FBA 1 domains of SLF/SFB
and provide a guideline for selecting the best model. The cyan boxes
represent α-helices while the arrows refer to β-sheets. The secondary
structures were predicted by PSIPRED as implemented in the I-TASSER
suite.
2.4.16.2 Molecular structure validation of the predicted structure of SLFanc
Furthermore the distribution of the φ/ψ angles of most amino acids (98%) of
the SLFanc modeled structure (model2) are in the core and allowed region of the
Ramachandran plot (Fig.2.23), while Glu296 (loop30), Val277 (loop29), Met278
(loop29), and Ser41 (loop4) were identified in the disallowed region of the plot. To
further calculate the quality score of the predicted structure of SLFanc, ProSa-web
was used, whereby the Z-score of the modeled SLFanc (Z-Score:-4.52, 351aa) falls
within the region of experimentally solved structures of proteins with similar sizes
in X-ray experiments (Fig.2.24).
The visualization of the final modeled SLFanc structure indicates the presence
of four α-helices in the N-terminus and 30 β-sheets in the C-terminus (Fig.2.25).
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Figure 2.23: Ramachandran plot of the modeled SLFanc. The
red, yellow, green, and gray areas refer to core, allowed, general, and
disallowed regions of the plot respectively. The plot was generated using
PROCHECK (Laskowski et al. 1993) in VADAR v1.8 (Willard et al. 2003).
SLFanc 
Figure 2.24: Z-score plot of all experimentally determined
proteins. Protein structures from NMR experiments are coloured in dark
blue whereas those from X-ray experiment are indicated by light blue.
The location of SLFanc z-score is within the boundaries of experimentally
determined structures. The plot was generated using ProSa-web
(Wiederstein and Sippl 2007).
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SLF C-terminus 
SLF N-terminus 
Figure 2.25: The predicted tertiary structure of SLFanc. This
structure contains four α-helices in the N-terminus and thirty β-sheets in
the C-terminus. The structure was visualization in PyMol v1.4.1.
Furthermore the structural comparison was performed using the Dali server (Holm
and Rosenstrom 2010). Despite lack of significant similarities between the SLFanc
and other known proteins at the amino acid sequence level (Fig.2.26), the topol-
ogy of the C-terminus of SLFanc exhibit significant similarity with the Kelch-like
ECH-associated protein1 (RMSD=0.7-0.9 A˚ and Z-score=46-47.5). These pro-
teins function as substrate adaptor proteins for the E3 Ubiquitin ligase complex
formed by CUL3 and RBX1 (Zhang et al. 2004). These structures were further
superimposed with the predicted structure of SLFanc to demonstrate their similar
topologies (Fig.2.26).
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SLF C-terminus 
SLF N-terminus 
Appendix A. Analyzed Sequence Information 20
Table A.20:
PDB Z-score RMSD Ali. L. No. of % Id. Description
Hit (A˚) Res.
1zgkA 47.5 0.7 278 288 9 Kelch-like ECH-associated
protein 1
1u6dX 47.5 0.7 278 288 9 Kelch-like ECH-associated
protein 1
1x2rA 46.4 0.8 277 290 9 Kelch-like ECH-associated
protein 1
3adeA 46.1 0.8 276 289 9 Kelch-like ECH-associated
protein 1
1x2jA 46.0 0.9 276 290 9 Kelch-like ECH-associated
protein 1
Figure 2.26: Presentation of proteins with similar folding
topologies to the predicted SLFanc structure and their superim-
position. The topology of the C-terminus of SLFanc exhibit significant
similarity with the Kelch-like ECH-associated protein 1 of Human (1zgkA
and 1u6dX) and Mus musculus (1x2rA, 3adeA and 1x2jA). The structures
were superimposed and visualized in PyMol v1.4.1.
2.4.16.3 Molecular dynamic simulation of the predicted structure of SLFanc
Furthermore the molecular dynamic simulation was carried-out for SLFanc and
the results were visualized in VMD v1.9.1 (Fig.2.27(a)). Assessing the poten-
tial, kinetic, and total energies suggest that the predicted SLFanc model is stable
throughout the run (Fig.2.27(b)). Furthermore the plot of RMSD values against
time (ps) indicates the deviation of 0.29 nm (2.9 A˚), that is less than 0.3 nm (3
A˚) and therefore within the expected range (Fig.2.27(c)). Additionally assessing
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the radius of gyration (Rg) further implies that SLFanc is stably folded, as the
overall gyration radius is quite stable with the fluctuation between 2.24 to 2.35
nm (Fig.2.27(d)). Therefore the overall outcome of these analyses provides fur-
ther clues about the quality and accuracy of the predicted models, as well as the
prediction method used in this study and allows one to confidently map all the
evolutionary findings on the predicted ancestor structures.
2.4.17 Mapping the evolutionary finding on the predicted structure of
ancestor proteins
Furthermore mapping the identified amino acid sites from previous sections (Sec-
tions 2.4.11, 2.4.12, 2.4.13 and 2.4.14) on the predicted tertiary structure of
SRNanc confirm the position of the hypervariable region in the N-terminus, with
all the 24 amino acids placed on the surface of the structure (Fig.2.28(a)). The
surface localization of the residues within the HV region makes them accessible to
external molecules such as pollen factors. The HV region includes a loop (Ser40-
Asn60) and a part of an alpha helix (Leu61-Pro63) and is exposed on the surface
of the structure. These findings are in line with that of Matsuura and colleagues
(2001) when they determined the HV region on Pyrus pyrifolia S3-RNase crystal
structure.
Indirect experimental evidence suggests that the positively selected amino acid
sites can play a role in specificity determination (Vieira et al. 2007). The positions
of the positively selected sites on the predicted structure of SRNanc illustrate the
distribution of these sites mostly within and near the HV region (Fig.2.28(b)),
which further supports the idea that the residues in HV and positively selected
sites in other regions of SRNase may interact with a pollen-S to recognize self/non-
self pollen in Malus.
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Figure 2.27: The MD simulation of the predicted SLFanc
structure. a) graphical representation of the MD simulation trajectory.
The beginning of the trajectory is coloured in red, the middle in white
and the end in blue. b) Energy stability of the predicted SLFanc structure
throughout the simulation time is shown with the red, green and black
lines referring to kinetic, total and potential energies respectively. c) The
RMSD values of the structure are plotted against the simulation time.
d) The radius of gyration are plotted against simulation time. The MD
simulation was carried out using GROMACS v4.5.3 (Van Der Spoel et
al. 2005) and the plots were generated using xmgrace.
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Figure 2.28(c) displays the location of the functionally diverged amino acids on
the tertiary structure of SRNanc. The results demonstrate that the predicted
functional sites are distributed throughout SRNanc structure, while only a few
are located in the HV region. This suggests that changes in these amino acids
may affect the recognition specificity and have functional implications by alter-
ing the GSI system in Maloideae. Furthermore Asp44, Leu61 and Lys57 in this
region have co-evolved with Asn16, Lys132, Gln114, and Asn126 outside the HV
region with a distance of 23.1-34.9 A˚. Asp44 showed co-evolution with Asn16
and Lys132 with 26.7 and 34.9 A˚ distance respectively, while Leu61 and Lys57
were shown to co-evolve with Asn126 and Gln114 with 32 and 23.1 A˚ distance
respectively (Fig.2.28(d)). Hence a significant role in the control of SRNase-based
self-incompatibility can be assumed for the predicted amino acid sites in this study.
Mapping the identified amino acid sequences on the predicted tertiary structure of
SLFanc shows the position of the hypervariable region in the C-terminus (loop 25
and a section of β24), with 10 (Asn254, Glu255, Ile257, Asp265, Arg266, Ser267,
Glu268, Asp269, Ser270, Lys271) out of 27 amino acids (Lys247 - Cys273) being
located on the surface of the predicted tertiary structure (Fig.2.29(a)). Addition-
ally Arg266 was identified to be under positive selection, while Phe251 and Asp265
were found to be involved in the functional divergence (Fig.2.29(b)). Both Arg266
and Asp265 are surface exposed residues within the HV region, according to which
a critical role of these amino acids in the binding specificity of SLF/SFB can be
elucidated. Most of the functionally diverged amino acids are located in the loop
regions of the C-terminus, while only two are located in the N-terminus of the
predicted SLFanc structure (Fig.2.29(b)).
The N-terminus of SLF/SFB is known to be involved in ubiquitination, hence
observing only a few functionally diverged positions is not unexpected as both
Prunoideae and Maloideae use the same ubiquitination-degradation models (Sec-
tion 1.4.4.2). Furthermore the detail of co-evolution between amino acids within
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(a) (b)
(c) (d)
Figure 2.28: Mapping of the identified critical amino acids to the
predicted structure of SRNanc. a) representation of the location of the HV
region on the tertiary structure of SRNanc along with it constitutive amino acid
positions. b) location of the positively selected amino acids on the structure,
highlighting those located in the HV region (in gray). c) Functionally diverged
sites on the predicted ancestral structure. d) co-evolving sites between the HV
region and other amino acid sites, labeled on the structure of SRNanc. The
structures were visualized in PyMol v1.4.1.
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the HV region and other amino acids is as follows: i) Ala258 is shown to be coe-
volving with Glu173 having a distance of 29.3 A˚, ii) Leu272 has co-evolution with
Ilu232 with a distance of 15.7 A˚, iii) Tyr249 is coevolving with Ser175 with a dis-
tance of 19.0 A˚, and iv) Ser259 coevolves with Tyr200 (distance=21.0 A˚), Glu221
(distance=14.3 A˚), Ser281 (distance=7.9 A˚), Thr284 (distance=8.2 A˚) and Ser282
(distance=9.2 A˚) (Fig.2.29(c)). This may suggest a critical role for Ser259 in the
HV region due to the extent of its co-evolutionary network with residues outside
the HV region. Furthermore, these results confirm that most of the amino acids
in the HV co-evolve with amino acids within 7.9-29.3 A˚ distances in SLF/SFB.
The large distance between these co-evolving residues rules out the possibility
of their contacts in the predicted structure. This suggests that the proposed
residues co-evolved in carrying out a specific function although there might not be
a direct contact among them. These results further confirm the significant role of
other regions in the control of SRNase-based self-incompatibility, in self/non-self
recognition.
 
 
 
 
Chapter 2. Molecular Evolution And Computational Modeling 120
(a)
(b)
(c)
Figure 2.29: Mapping of the identified critical amino acids
to the predicted structure of SLFanc. a) representation of the
location of the HV region on the tertiary structure of SLFanc along with
it constitutive amino acid positions. b) location of the positively selected
amino acids on the structure, highlighting those located in the HV region
(in gray). c) Position of functionally diverged sites on the predicted
ancestral structure. d) co-evolving sites between the HV region and other
amino acid sites, labeled on the structure of SLFanc. The structures were
visualized in PyMol v1.4.1.
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2.4.18 Collaborative Non-self Recognition in Malus
With the aim of inspecting the collaborative model for SRNase-based SI in Malus
× domestica Borkh. the tertiary structure of 16 known SRNases along with
SLFB3 and SLFB9 as well as their relevant brothers, namely SFBB3α, SFBB3β
and SFBB9α and SFBB9β were predicted respectively.
2.4.18.1 Protein structure prediction of SRNases
Table 2.11 shows the best templates for modeling the structure of 16 SRNases,
whereby a list of corresponding PDB hits along with %Identity, %Coverage and
normalized Z-score values are presented. Among the PDB hits three are com-
mon templates for predicting all 16 SRNases, namely Pyrus pyrifolia S3-RNase
(1iqqA), Nicotiana glutinosa ribonuclease NW (1iybA), and Momordica charantia
ribonuclease MC1 (1bk7A). Furthermore the percentage sequence identity of the
templates in the threading aligned region with the query sequences range between
24-95%, while the coverage of the threading alignment is between 93-100% sug-
gesting that most residues of the query sequences have aligned. Additionally the
normalized Z-score provided by LOMETS threading alignment is in the range of
3.92-5.63 (Z-score>1) suggesting a good alignment (Table 2.11) (Appendix C).
To assess the accuracy of the predicted models the C-scores, TM-scores, RMSD,
folding energies, Core Ram. (percentage of amino acids in the core region of
Ramachandran plot), and ProSa-web Z-score are summarized in Table 2.12.
The C-scores for 16 SRNases are between 1.73-1.86, while their TM-scores and
RMSDs range between 0.96±0.05 - 0.98±0.05 and 1.7±1.5 - 2.0±1.6 respectively.
Additionally the folding energies of the predicted models are between -135.08 and
-181.15.
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Table 2.11: Top templates identified by LOMETS to model the 3D-structure
of 16 SRNases.
Protein PDB %Identity %Coverage Norm.
Hit Z-score
S1-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 30-62 93-99 4.20-5.32
S2-RNase 1iqqA, 1iybA, 1bk7A 27-63 93-100 4.09-5.38
S3-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 31-63 93-100 4.16-5.47
S4-RNase 1iqqA, 1iybA, 1bk7A, 1vczA 28-72 93-100 4.04-5.50
S7-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 28-62 93-100 4.08-5.38
S8-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 27-58 93-100 4.09-5.43
S9-RNase 1iqqA, 1iybA, 1bk7A 27-64 93-100 4.19-5.41
S10-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 31-64 93-100 4.11-5.45
S16-RNase 1iqqA, 1iybA, 1bk7A, 1iooA 26-72 93-100 4.00-5.51
S20-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 30-61 93-99 4.17-5.26
S24-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 28-60 93-99 4.20-5.30
S25-RNase 1iqqA, 1iybA, 1bk7A 30-61 95-100 4.13-5.41
S26-RNase 1iqqA, 1iybA, 1bk7A 27-66 95-99 4.29-5.31
S28-RNase 1iqqA, 1iybA, 1bk7A 30-63 94-99 4.28-5.10
S30-RNase 1iqqA, 1iybA, 1bk7A, 1iooA 24-95 93-100 4.05-5.63
S31-RNase 1iqqA, 1iybA, 1bk7A, 1ucdA 30-61 93-99 4.20-5.25
Note: 1iqqA: Japanese pear S3-RNase (Matsuura et al. 2001), 1iybA: Nicotiana glutinosa ribonuclease NW
(Kawano et al. 2002), 1bk7A: Bitter gourd seeds ribonuclease (Nakagawa 1999), 1ucdA: Bitter gourd seeds
Ribonuclease MC1 (Suzuki et al. Unpublished), 1vczA: Nicotiana glutinosa ribonuclease NT in complex with
nucleoside monophosphates (Kawano et al. 2006), 1iooA: Nicotiana alata S(F11)-RNase (Ida et al. 2001)
Table 2.12: Model evaluation scores for the predicted SRNase tertiary struc-
tures by I-TASSER.
SRNase C-score TM-score RMSD Folding Core Prosa-web
(A˚ ) energy Ram. Z-score
S1 1.79 0.97±0.05 1.9±1.6 -175.30 98 -6.59
S2 1.81 0.97±0.05 1.9±1.6 -180.09 97 -7.16
S3 1.82 0.97±0.05 1.9±1.6 -178.45 96 -6.59
S4 1.84 0.97±0.05 1.8±1.5 -166.45 98 -6.43
S7 1.81 0.97±0.05 1.9±1.6 -171.04 96 -6.43
S8 1.82 0.97±0.05 1.9±1.6 -171.52 97 -6.92
S9 1.82 0.97±0.05 1.9±1.6 -181.15 97 -7.09
S10 1.82 0.97±0.05 1.9±1.6 -175.73 96 -6.89
S16 1.84 0.97±0.05 1.8±1.5 -174.39 98 -6.69
S20 1.79 0.97±0.05 1.9±1.6 -174.37 98 -6.43
S24 1.78 0.97±0.05 1.9±1.6 -168.89 97 -6.46
S25 1.82 0.97±0.05 1.9±1.6 -168.15 97 -6.65
S26 1.81 0.97±0.05 1.9±1.6 -173.93 98 -6.49
S28 1.76 0.96±0.05 2.0±1.6 -175.80 97 -7.08
S30 1.86 0.98±0.05 1.8±1.5 -172.51 98 -6.11
S31 1.78 0.97±0.05 1.9±1.6 -176.70 98 -6.42
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2.4.18.2 Molecular structure validation of the predicted structure of SRNases
Furthermore the distribution of the φ/ψ angles of most amino acids (96-98%) of
the modeled structures are in the core and allowed region of the Ramachandran
plots (Fig.2.30), which are presented by Core Ram values in Table 2.12. To fur-
ther confirm the quality of the predicted structures the ProSa-web Z-scores are
between -6.11 and -7.16, all of which are within the range of the experimentally
predicted structures (Fig.2.31).
The final tertiary structures of SRNases were visualized in PyMol and the α+β
counts are as follows: i) S1 and S2 contain 6 α-helices and 4 β-sheets, ii) S3, S8,
and S31 contain 7 α-helices and 7 β-sheets, iii) S4, S16, S26 consist of 7 α-helices
and 5 β-sheets, iv) S7 and S9 contain 6 α-helices and 7 β-sheets, v) S10 and S24
consist of 7 α-helices and 4 β-sheets, vi) S20 has 7 α-helices and 6 β-sheets, and
vii) S25, S28, and S30 contain 6 α-helices and 5 β-sheets (Fig.2.32).
Furthermore the folding topologies of the modeled structures were examined using
the Dali server, which were found to be very similar to the topologies of Momordica
charantia ribonuclease MC and MC1, with RMSD value of 2.0-2.3 and the identity
of 28-31% (Table 2.13). Hence, it is concluded that these predicted structures have
good homology with the experimentally solved structures of RNase T2 family
enzymes. These models can therefore be confidently used in a docking study to
further assess the collaborative model in Malus × domestica Borkh..
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S1-RNase S2-RNase S3-RNase 
S4-RNase S7-RNase S8-RNase 
S9-RNase S10-RNase S16-RNase 
S20-RNase S24-RNase S25-RNase 
S26-RNase S28-RNase S30-RNase 
S31-RNase 
Figure 2.30: Ramachandran plots of the modeled SRNases.
The red, yellow, green, and gray areas refer to core, allowed, general, and
disallowed regions of the plot respectively. The plot was generated using
PROCHECK (Laskowski et al. 1993) in VADAR v1.8 (Willard et al, 2003).
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S30: -6.11 
S31: -6.42 
S4,7: -6.43 
S20,24,29: -6.43 
S1,3: -6.59 
S25: -6.65 
S16: -6.69 
S10: -6.89 
S8: -6.92 
S28: -7.08 
S9: -7.09 
S2: -7.16 
Figure 2.31: Z-score plot of all experimentally determined
proteins. Protein structures from NMR experiments are coloured in
dark blue whereas those from X-ray experiment are indicated by light
blue. The location of SRNases z-score is within the boundaries of
experimentally determined structures. The plot was generated using
ProSa-web (Wiederstein and Sippl 2007).
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S1-RNase S2-RNase S3-RNase 
S4-RNase S7-RNase S8-RNase 
S9-RNase S10-RNase S16-RNase 
S20-RNase 
S26-RNase S28-RNase 
S24-RNase 
S30-RNase 
S25-RNase 
S31-RNase 
Figure 2.32: The predicted tertiary structures of 16 Maloideae
SRNases. The structures were generated by I-TASSER and visualized
in PyMol v1.4.1.
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2.4.18.3 Protein structure prediction of SLF/SFBs
With respect to SLFBs and their relative brothers, Table 2.14 shows the best
templates used for modeling the structures, and includes a list of PDB hits along
with %Identity, %Coverage and Norm Z-score values. Among the PDB hits used
for the prediction four are common, namely Mus Musculus Skp1-FbS1 complex
(2e31A), Human Fbw7-Skp1-cyclin E complex (2ovpB), E. coli β-propeller protein
YghT (2uvkA), Yeast Cdc4/Skp1-SCF-I2 (3mksA). The general functional theme
of these proteins allow one to elucidate that the predicted structure share common
binding sites with the above-mentioned proteins that allows for their interaction in
a similar manner typical to Skp1-Fbox protein. Generally an F-box protein allows
for the formation of SCF (Skp1/Cullin/F-box) E3 ligase complex resulting in the
interaction of the F-box motif with the Skp1 protein. Therefore this information
provides further support for the validity of the predicted structure.
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Furthermore the percentage sequence identity of the templates in the threading
aligned region with the query sequences range between 6-22%, while the coverage
of the threading alignment is between 21-98% suggesting that many residues of
the query sequences have aligned. Additionally the Norm Z-score provided by
LOMETS threading alignment is in the range of 1.06-3.15 (Z-score> 1) presenting
an acceptable alignment (Table 2.14)(Appendix C).
2.4.18.4 Best structure selection among the modeled structures of SLF/SFBs
To determine the best model from the top five predicted models by the I-TASSER
suite the C-score, QMEAN-norm score and folding energies were assessed (Table
2.15). The C-score for the predicted models range from -1.34 to -4.29 with the
QMEAN-norm score between 0.17 and 0.35 and folding energies between -309.98
and -396.80. According to these results model 1 among the top five models of
SFBB3α and SFBB3β, model 2 for SLFB9 and SFBB9β, and model 4 for SLFB3
and SFBB9α were selected as the best models and are highlighted in Table 2.15.
2.4.18.5 Molecular structure validation of the predicted structure of SLF/SFBs
Furthermore the Ramachandran plots represented in Figure 2.33 were generated
for the top models from Table 2.15. According to these figures the distribution
of the φ/ψ angles of most amino acids (90-96%) of the modeled structures are
in the core and allowed region of the Ramachandran plots. To further support
the quality of the predicted models ProSa-web Z-scores are between -4.11 and
-6.82, all of which are within the range of the experimentally predicted structures
(Fig.2.34).
The final tertiary structures of the predicted models were visualized in PyMol and
the α+β counts are as follows: i) SLFB3 contains 10 α-helices and 23 β-sheets, ii)
SFBB3α contain 8 α-helices and 19 β-sheets, iii) SFBB3β consist of 9 α-helices
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Table 2.15: Quality assessment of the top-five predicted mod-
els of SLF/SFB and their brothers. The scores were generated using
I-TASSER suite and the QMEANnorm score was calculated using QMEAN
server.
Protein C-score Folding QMEANnorm
Model Energy Score
SLFB3
model1 -2.26 -396.80 0.24
model2 -2.26 -365.14 0.19
model3 -2.26 -378.97 0.20
model4 -2.26 -338.55 0.34
model5 -3.97 -349.09 0.26
SFBB3α
model1 -1.34 -352.00 0.30
model2 -1.34 -351.73 0.26
model3 -1.34 -325.71 0.22
model4 -1.65 -359.94 0.28
model5 -2.95 -348.25 0.24
SFBB3β
model1 -1.61 -379.31 0.25
model2 -1.61 -351.59 0.23
model3 -1.61 -365.67 0.21
model4 -1.61 -338.80 0.21
model5 -3.23 -357.62 0.24
SLFB9
model1 -2.58 -369.04 0.17
model2 -2.58 -372.79 0.26
model3 -2.58 -372.49 0.25
model4 -2.58 -342.56 0.19
model5 -4.01 -356.69 0.33
SFBB9α
model1 -2.68 -358.92 0.24
model2 -2.68 -358.23 0.19
model3 -2.68 -362.86 0.17
model4 -2.68 -309.98 0.28
model5 -4.18 -357.60 0.35
SFBB9β
model1 -2.61 -376.35 0.20
model2 -2.61 -353.26 0.25
model3 -2.61 -363.12 0.23
model4 -2.61 -357.24 0.24
model5 -4.29 -355.06 0.24
Note: The best model among the top-five predicted models for each SLF/SFB is shaded.
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SLFB3 SLFB9 
SFBB3! SFBB9! 
SFBB3" SFBB9" 
Figure 2.33: Ramachandran plots of the modeled SLF/SFBs
and their brothers. The red, yellow, green, and gray areas refer to
core, allowed, general, and disallowed regions of the plot respectively. The
plots were generated using PROCHECK (Laskowski et al. 1993) in VADAR
v1.8 (Willard et al. 2003).
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SFBB9!: -4.11 
SFBB3": -4.87 
SLFB3: -4.99 
SFBB9": -5.72 
SFBB3!: -6.17 
SLFB9: -6.82 
Figure 2.34: Z-score plot of all experimentally determined
proteins. Protein structures from NMR experiments are coloured in
dark blue whereas those from X-ray experiment are indicated by light
blue. The location of SLF/SFBs and their brothers z-score is within
the boundaries of experimentally determined structures. The plot was
generated using ProSa-web (Wiederstein and Sippl 2007).
and 17 β-sheets, iv) SLFB9 contain 8 α-helices and 22 β-sheets, v) SFBB9α consist
of 9 α-helices and 20 β-sheets, and vi) SFBB9β contains 10 α-helices and 21 β-
sheets (Fig.2.35). Furthermore the folding topologies of the modeled structures
were examined using the Dali server, which were found to be generally very similar
to the topologies of F-BOX/WD-repeat proteins with the RMSD values between
1.2-8 A˚ and the identity of 4-12% (Table 2.16). Hence these models can be used in
the docking study to further assess the collaborative model in Malus × domestica
Borkh..
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SLFB3 
SFBB3! 
SFBB3" SFBB9" 
SFBB9! 
SLFB9 
Figure 2.35: The predicted tertiary structures of SLF/SFBs
and their brothers. The structures were generated by I-TASSER and
visualized in PyMol v1.4.1.
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2.4.18.6 Protein complex structure and binding specificity prediction (Dock-
ing)
The ZDOCK program was used to evaluate the Collaborative Non-self Recognition
model of self-incompatibility in Malus by docking models of the currently known
SRNases with SLF/SFBs and their brothers as reported by Sassa and colleagues
(2007). Hua and Kao (2006) have shown that SLF1 and SLF2 in Petunia inflata
interact with the HV region of S-RNase and that non-self interactions are much
stronger than the self-interactions (i.e. SLF1-S2RNase have stronger interaction
than SLF2-S2RNase). According to this analysis only the residues within the
hypervariable region as identified in the previous analysis (Section 2.4.13) were
provided to ZDOCK as interacting interface. Other residues outside the HV region
were blocked for the purpose of this analysis. Figure 2.36 is the graphical repre-
sentations of the location of the previously-predicted HV region on the alignment
and the secondary structures of SRNases and SLF/SFBs (used in the docking
study). From these results it can be derived that the HV region of SRNases and
SLF/SFBs fall within loop 2 along with a section of the α2-helix of the N-terminus
and loops 19-24 in the C-terminus respectively. These results are comparable with
the findings of Matsuura and colleagues (2001) in Pyrus pyrifolia, who mapped
the HV region to the tertiary structure of S3-RNase. The similarities between
SRNase secondary structures in the HV region allows for the proposal that this
region has allele-specific conformation.
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SRNanc 
   S1,2,3,7,9,10,20,25,26,28 
S4,16,24 
S8 
S30 
S31 
Hypervariable region 
(a) SRNases
Hypervariable region 
(b) SLF/SFBs
Figure 2.36: Graphical representations of the location of HV
region on the alignment and secondary structures of SRNases
(a) and SLF/SFBs (b).
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ZDOCK uses a combination of shape complementarity, desolvation free energy, and
electrostatics properties to describe ligand and receptor interactions (Wiehe et
al. 2005). It samples all possible ligand orientations in 6-dimensional space and
only keeps the highest-scoring translation for every rotation angle it searches. It
has been demonstrated that most of the near-native complexes fall within the 2
000 poses predicted by ZDOCK (Wiehe et al. 2005). Moreover to improve the
docking results and reduce the number of false-positives, ZRANK was used which
re-ranks the ZDOCK scores. ZRANK is a scoring function that rescores initial-stage
docking predictions through detailed assessment of electrostatics, van der Waals
and desolvation energies (Pierce and Weng 2007). This way the numbers of well-
ranked hits are enriched before further analysis of the results.
Prior to any further assessment of the docking results, the data was narrowed
down to those complexes that were found by ZDOCK to have significant interaction
among them using the Wilcoxon rank-sum test. To achieve this the binding en-
ergies (ZRANK scores) for SLFB3, SFBB3α, SFBB3β, SLFB9, SFBB9α, SFBB9β
and 16 known SRNase (i.e. S1, S2, S3, S4, S7, S8, S9, S10, S16, S20, S24,
S25, S26, S28, S30, S31) were statistically assessed using Wilcoxon rank-sum
test (Wilcoxon 1945), as implemented in the R-package. This is a non-parametric
statistical test to determine which one of the two samples of independent obser-
vations has larger values than the other. Having a large sample size (i.e. 2000
poses) the data was assumed to have a normal distribution. The null hypothesis
for this analysis as mentioned previously was based on the finding of Hua and Kao
(2006) who suggested that there is a stronger interaction between non-self than
self. For this reason the null hypothesis assumes that no interaction exists between
SLF/SFB brothers and non-self SRNases (i.e. if the binding energy between the
non-self is more than or equal to that of self interactions), while the rejection
of this hypothesis suggests that samples are indeed independent proposing that
SLF/SFB brothers bind to non-self SRNases with different specificities based on
their significance levels (p-value<0.0001).
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Table 2.17 summarizes the results of the Wilcoxon rank-sum test based on which
SFBB3β interacts with non-self S25-RNase having the median binding energy of -
53.37. Furthermore SLFB3, SFBB3α, and SFBB3β are predicted to interact with
non-self S10-RNase. Moreover these SLF/SFBs interact with self-S3-RNase as
well. With regards to SLFB9 and its brothers both self and non-self interactions
are predicted which are summarized in Table 2.17. SLFB9, SFBB9α, and SFBB9β
predicts interact with S9-RNase. Additionally the non-self interactions predicted
using the binding energies are as follows: i) SLFB9 interacts with S3, S7, S8,
S10, S25, S26, S30-RNases ii) SFBB9α interacts with S3, S4, S8, S10, S25, and
S30, and iii) SFBB9β interacts with S3, S4, S7, S8, S10, S25, S26, and S30.
Figure 2.37 is a graphical representation of the predicted binding specificities of
SLF/SFB brothers for different SRNases.
Table 2.17: The predicted binding energies of SLF/SFBs and brothers
with SRNases. The interactions were statistically assessed using Wilcoxon rank-
sum test.
SRNase SLFB3 SFBB3α SFBB3β SLFB9 SFBB9α SFBB9β
S1 -35.61 -29.55 -31.75 -25.85 -32.30 -35.17
S2 -28.58 -17.01 -24.68 -21.49 -27.29 -30.87
S3 -49.01 -53.49 -51.55 -38.77* -44.54* -54.07*
S4 -41.83 -38.62 -43.12 -31.83 -39.08* -42.70*
S7 -35.79 -41.07 -37.81 -36.33* -36.25 -43.32*
S8 -42.55 -43.74 -48.75 -36.73* -43.69* -47.39*
S9 -35.90 -34.37 -41.61 -30.65 -34.37 -41.61
S10 -56.37* -61.77* -59.89* -47.87* -48.72* -60.64*
S16 -35.09 -29.84 -31.54 -25.69 -33.20 -35.39
S20 -37.17 -32.61 -32.68 -28.55 -35.22 -39.99
S24 -37.88 -33.88 -36.30 -28.21 -32.86 -40.57
S25 -46.93 -46.41 -53.37* -35.65* -45.87* -51.96*
S26 -42.65 -42.88 -43.17 -36.17* -35.61 -47.35*
S28 -32.52 -30.22 -29.92 -25.15 -28.67 -35.65
S30 -38.69 -35.47 -38.55 -32.29* -38.31* -43.45*
S31 -36.95 -34.28 -37.40 -28.21 -34.42 -40.39
Note: * Significant (P<0.0001)
Finally the accuracy of the docking data was further assessed for models that
were found to be statistically significant using the above-mentioned test. One of
the commonly evaluated measures of docking quality is the root mean square
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Figure 2.37: Graphical representation of the introduced
model of interaction between Malus S-locus genes. The figure was
generated based on the results of Wilcoxon rank-sum test (Wilcoxon 1945).
deviation (RMSD) between the atoms of the prediction and the native/near-
native complex, which is achieved by aligning the two complexes (Wiehe et al.
2008). The model with the best binding energy (ZRANK score) was selected
as the most near native structure, according to which the ligand RMSD (L-
RMSD) for all the other models were calculated using ProFit v3.1 (Martin
Unpublished, http://www.bioinf.org.uk/software/profit). Furthermore plotting
the ZRANK scores against L-RMSDs shows the distribution of the hits in the
form of an energy funnel, which is suggestive of the accuracy of the scoring func-
tion, whereby most near native complexes have lower binding energies and low
L-RMSDs (Fig.2.38). The top five poses are highlighted by a circle in each scatter
plot and were further superimposed to show the range of positions of the docked
ligands (Fig.2.39). The conformational similarities of the top five poses are clearly
observed in Figure 2.39. The superimposed docking data suggest that the top five
poses have the ability to bind at a distinct interaction location within the HV
region.
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Figure 2.38: Scatter plot of the lowest energy scoring poses among
the 2000 poses generated by ZDOCK. The top five models are indicated by a
circle.
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Figure 2.39: 3D-view of SLF/SFBs and SRNase complexes with
superimposed ligands representing the top five models.
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2.5 Summary
The outcome of this study suggests that in Malus × domestica Borkh., SLF/SFBs
interact with non-self SRNases with different binding specificies. Therefore pro-
teins originally identified as SLF-like (SLF/SFB brothers), may indeed be true
SLF proteins in carrying out the process of self/non-self recognition. These find-
ings are therefore in line with the collaborative model of self-incompatibility. In
this system the loss-of-function of one of multiple pollen-S leads to a limited effect
on the SI phenotype. Furthermore the results of this study clearly show that the
SI system in Malus × domestica Borkh. is controlled by multiple factors, which
is consistent with that observed in Petunia (Solanaceae) (Kubo et al. 2010). It
is notable that in Prunus (Rosaceae), despite it being a closer relative to Malus
compared to Petunia, a single factor self-recognition SI system exists. Recently
other Rosaceae species such as Pyrus pyrifolia have also been identified to have a
non-self recognition SI system by multiple factors, which provide further support
for the findings of our study (Kakui et al. 2011). It is clear that the distribution
of self/non-self recognition is different in various taxa, however the exact principle
behind this is not known.
Moreover only a subset of SRNases were identified to significantly bind to the
SLF/SFB brothers used in this study (Fig.2.36), which can be explained by the
fact that more of these proteins are present in the S -locus. Minamikawa and
colleagues (2010) through screening BAC libraries identified 20 additional SFBB-
like genes/alleles in Malus × domestica Borkh., while more SFBB genes remain
to be identified. Furthermore these findings are consistent with the scenario that
a large repertoire of non-self SRNases are targeted and detoxified by multiple
SFBBs each of which recognizes a sub-fraction of SRNases (Kakui et al. 2011).
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2.6 Conclusion
The common ancestor of the Solanaceae and Rosaceae families lived about 110
million years ago and that of Prunus and Pyrus/Malus lived 39 million years
ago (Wikstrom et al. 2001). Recent studies have argued for an independent
origin of Prunus GSI (Yamane et al. 2003b; Tao and Iezzoni 2010) and in line
with this hypothesis the results of this work supports the divergent evolution of
Rosaceae subfamilies i.e. Prunoideae and Maloideae S -locus genes. Additionally,
the identified difference in the selective pressures between the two lineages have
provided further support for these findings. Furthermore a catalog of critical
amino acid sites was provided in this study as targets for future work, which was
achieved through the identification of positively selected sites, sites responsible for
the functional divergence of Prunoideae and Maloideae, amino acid sites within
the HV region, and co-evolving sites between the amino acid sites within the
HV region and the rest of the sites. The identification of the sites responsible
for SI specificity determination may help understand how the appearance of new
specificities occur.
Furthermore as the result of this study, an interaction model for SLF/SFB and
SRNases was established, which supports the idea of a collaborative non-self recog-
nition in Malus × domestica Borkh.. However further insight will require an un-
derstanding of the biochemical interactions involving the pollen-S and stylar-S
genes in the Rosaceae family, and therefore, the results of this work provide a
fertile ground for such analyses.
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3.1 Recombinant protein expression
Recombinant protein expression or heterologous gene expression has become a
crucial and strong tool for the production and subsequent functional analysis of
proteins that are difficult to purify from their natural sources.
The use of recombinant protein expression allows proteins to be produced in or-
ganisms that have fast growth rates and are easy to cultivate. Furthermore, it in-
creases yields by producing recombinant proteins under the control of a promoter
that allows the protein to be expressed as a greater fraction of the cellular protein
(Studier et al. 1990). Additionally a translational fusion can be introduced to aid
in protein purification (Palva and Silhavy 1984; Hochuli 1988). Moreover, it can
be used for the production of variants through introducing site-specic mutations
into the DNA encoding the protein of interest (Vilcinskas et al. 2011).
Many expression systems are available accounting for the fact that recombinant
protein expression is the rate-limiting step, and no single system has yet been
developed that works for all proteins (Balbas and Lorence 2004). As such, certain
proteins may be expressed in an active form using a specific system while others
may not, hence requiring modifications in the system. One of the most commonly
experienced problems in such studies is the formation of inclusion bodies that re-
sult in poor expression. Inclusion bodies are insoluble aggregates of recombinant
protein, the exact mechanism of which is not fully understood. It has however
been proposed that the stress response associated with high-level expression of re-
combinant protein could be responsible for the formation of these inclusion bodies
(Villaverde and MarCarrio 2003).
Other common problems associated with poor expression include improper fold-
ing, proteolysis, lack of post-translational modifications in the expressed protein,
poor expression due to codon usage differences, and the rearrangement of foreign
DNA by the host organism. In dealing with such issues, several methods have been
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introduced such as the use of denaturants for the solubilization of inclusion bodies
and their later removal to allow protein refolding (Nagai et al. 1988). Further-
more, the use of molecular chaperones and foldases in a co-expression system has
been suggested to enhance protein folding hence increasing solubility (Georgiou
and Pascal 1996). However there are limitations associated with these methods,
as several conditions need to be tested to ensure correct protein folding. Even
so, these methods do not work for all proteins (Middelberg 2002; Sorensen and
Mortensen 2005). Additional techniques have also been introduced all of which
have disadvantages linked to them (Studier et al. 1990; Sorensen and Mortensen
2005; Davis et al. 1999).
3.1.1 Prokaryotic expression systems
Protein expression is crucial for various levels of biology, as some biochemical stud-
ies are made impossible due to insufficient amounts of proteins produced (Welch et
al. 2009a). Escherichia coli is a popular organism in protein in vivo analysis due
to its relatively easy and inexpensive genetic manipulation, scalability of the ex-
periments, low cost, fast growth, high-density cultivation and its ability to express
labeled proteins (Balbas and Lorence 2004; Sorensen and Mortensen 2005; Tolia
and Joshua-Tor 2006). The variety of accessible plasmids, recombinant fusion
partners, and mutant strains has highly contributed towards successful expression
in E. coli (Sorensen and Mortensen 2005).
However, certain limitations may be experienced primarily at the initiation of
translation (Gustafsson et al. 2004; Wu et al. 2007; Kudla et al. 2009). This
is related to the fact that each of the 20 amino acids can be encoded by roughly
three different codons (61 amino acid codons) and each organism carries its own
bias in the usage of the 61 available codons for amino acids that are encoded
by more than one codon (Lorimer et al. 2009). In addition, it is recognized
that codon preferences can vary even between species, and frequently between
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gene families within a given species (Wilson et al. 1980; Modiano et al. 1981).
With respect to this issue certain E. coli strains can over-express rare tRNAs (for
AGG, AGA, CUA, AUA, CCC, and GGA codons) and hence significantly improve
gene expression (Del Tito et al. 1995; Kane 1995; Burgess-Brown et al. 2008).
Furthermore, genes are designed in certain cases to match host bias or to maximize
Codon Adaptation Index (CAI) and contribute towards an improved expression
(Sharp and Li 1987; Gustafsson et al. 2004; Wu et al. 2007). In addition to
codon bias, mRNA secondary structures are identified to play major roles in gene
expression (Lorimer et al. 2009). mRNA can fold into special conformations that
directly affect mRNA stability hence alter the expression of the encoded proteins
(Lorimer et al. 2009). In addressing these issues using synthetic gene sequences
designed by codon engineering to create an optimal heterologous gene expression
is an important strategy for signicantly improving protein expression (Stewart
and Burgin 2005) through making DNA templates ready to be expressed in any
heterologous host (Maerkl 2010).
3.1.2 Eukaryotic expression systems
Several recombinant protein expression systems are available in eukaryotes as well,
including fungal, mammalian, amphibian, insect, plant and yeast cells. Some of
these systems are designed to yield high levels of proteins, whereas others are
designed such that the folding of the recombinant proteins is correct. Among
the available host expression systems, Escherichia coli and cultivated mammalian
cells are considered most widely used. However, despite the complications and
higher expenses associated with the mammalian cell cultures they are often more
preferred due to the possibility of post-translational modifications (PTMs) of pro-
teins (Grimsrud et al. 2010).
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Over the last twenty years, recombinant protein expression in mammalian cells has
grown to be a very crucial technique for the production of recombinant and com-
plex proteins used for therapeutic and biopharmaceutical applications (Krammer
et al. 2010; Pontiller et al. 2010).
Advantages of using a mammalian expression system include its ability for post-
translational modifications including correct protein folding and glycosylation
(Pontiller et al. 2010). The protein yields of mammalian expression systems can
be optimized by use of the right cell line, expression vector and promoter elements
(Baldi et al. 2007; Krammer et al. 2010; Pontiller et al. 2010). Various factors
affect the transfection efficiency of the mammalian cells such as the choice of the
transfection method, condition of the cells, purity of the DNA and plasmid size
(Krammer et al. 2010). Most mammalian cell-derived recombinant proteins are
produced in immortalized CHO cells; however other cell lines such as the mouse
myelomas NS0 and Sp2/0 and human embryo kidney (HEK293) and baby hamster
kidney (BHK-21) cells are also used. The recombinant DNA is delivered to the
cells by mechanical, chemical, or biological methods. Once it reaches the nucleus
it can be integrated into the genome or remain as an episomal DNA element until
it is degraded (Wulhfard 2009) .
Another commonly used and well-established technique in recombinant protein ex-
pression is the Transient Expression Arabidopsis Mesophyll Protoplasts (TEAMP).
Plant cells without cell walls are referred to as protoplasts and are useful for
studying various physiological processes (Yoo et al. 2007). The isolation of plant
protoplasts from leaves was introduced about 50 years ago (Wu et al. 2009; Cock-
ing 1960). Macromolecules such as DNA, RNA, and proteins can be delivered
into protoplasts using methods such as PEG-calcium fusion, electroporation and
microinjection. The TEAMP protocol involves the use of mesophyll protoplasts
freshly isolated from leaves of Arabidopsis plants. Following the removal of the
cell wall using fungal cellulase and macerozyme, protoplasts are released, washed
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and collected. Proteins that are normally expressed in heterologous cell systems,
e.g. bacteria, yeast, insect and mammalian cells can be expressed and examined in
mesophyll protoplasts for the study of their molecular and cellular functions. Fur-
thermore, TEAMP experiments do not require large numbers of protoplasts, sterile
techniques or complex culture medium. These advantages have made TEAMP a
highly efficient and sensitive system (Yoo et al. 2007).
3.1.3 Cell free (in vitro) protein expression
Cell-free protein expression makes use of cellular extracts or purified molecular
components to direct protein synthesis from added DNA template(s) (He 2008).
It has become a good alternative for cell-based protein production. Firstly, it is
simple and quick, generating proteins in hours from PCR fragments without the
need for Escherichia coli cloning and thus it is easily adapted for high throughput
and automated procedures. Secondly, the availability of various prokaryotic and
eukaryotic cell lysates provides a flexible choice for high-level protein expression,
especially those that are difficult to express under an in vivo system. Finally,
cell-free systems are capable of synthesizing large protein-protein complex mix-
tures in a single reaction, which makes them an exploitable system for developing
proteomic tools (He 2010). Cell-free protein synthesis was first used to understand
the process of protein translation; especially to elucidate the nucleotide makeup of
codons (Nirenberg and Matthaei 1961). Since then, it has become an important
tool for studying protein expression and folding. Cell-free protein synthesis has
many applications in the fields of genomics, proteomics, and synthetic biology,
while allowing for increased productivity and various post-translational modifica-
tions (Nguyen et al. 2010).
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3.1.4 Summary
The experimental validation of the computational-based findings of this study
require the expression of SLF/SFB and SRNase in sufficient amounts. Extensive
work has been done on the female determinant of self-incompatibility, which has
led to the determination of the tertiary structure of an S3-RNase from Pyrus
pyrifolia (Matsuura et al. 2001); however no SLF/SFB structure has yet been
solved, possibly due to difficulties associated with its expression. In addressing
this, the male determinant of self-incompatibility, SLF/SFB, was isolated from the
apple var. Golden Delicious (SLF2) and several expression systems were evaluated
for their efficiency in expression, namely bacterial, plant, mammalian and cell free/
in vitro expression systems. However, due to the insufficiency of these methods in
producing sufficient soluble proteins the gene synthesis technique was used. This
method allowed for optimal expression of SLF2 in E. coli, though the produced
protein was found to be insoluble. This problem was addressed using osmotic stress
and heat shock, which allowed for the solubilization of the previously insoluble
SLF2 proteins in E. coli. Furthermore, the resultant proteins were successfully
purified from GST-fusion, thus sufficient amount of soluble fusion protein was
produced, however the protein was found to be unstable following the removal
of the GST-tag. Hence, the results of this section provide an optimized protocol
for efficient expression of SLF2 as a guideline for future functional and structural
studies in Malus S -locus F-box-S proteins.
 
 
 
 
Chapter 3. Recombinant Expression Of S-locus F-box-S2 (SLF2) 152
3.2 Materials
All the materials and recipes used in this section are presented in Appendix D.
3.3 Methods
3.3.1 Cell cultures and preparation
3.3.1.1 Bacterial strains for recombinant SLF2/SLF2opt expression
The BL21 (DE3) strain of E. coli and its derivatives, C41 (DE3), C43 (DE3) and
BL21-CodonPlus (DE3) were used as expression hosts (Table 3.1). Expression of
T7 polymerase of BL21 (DE3) strain is induced by the addition of lactose analog
IPTG. The C41 (DE3) and C43 (DE3) strains improve toxic protein expression
(Miroux and Walker, 1996) and BL21-CodonPlus strain provides an increased
supply of rare E. coli tRNAs in terms of codons used more frequently by eukaryotes
(Assadi-Porter et al. 2008).
3.3.1.2 Preparation of competent E. coli cells
Escherichia coli (DE3) plysS cells were streaked on the LB plates (or TY plates for
C41 and C43 cells) containing 34 µg/ml chloramphenicol (for plysS and CodonPlus
cells) and incubated at 37 ◦C overnight (about 16 hrs). Following the incubation,
a single colony was picked and used to inoculate 5-10 ml LB containing chloram-
phenicol. The culture was then incubated at 37 ◦C until it reached an optical
density of 0.2 at OD600. The cells were then transferred to a 500 ml culture which
was then incubated at 37 ◦C until it reached the optical density of 0.5-0.8 at
OD600. The cells were rapidly cooled by gently swirling the flask in ice water for
15 min after which they were transferred into two 250 ml polypropylene tubes and
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Table 3.1: Bacterial strains for amplification and recombinant expression
of SLF2/SLF2opt.
E. coli strain Genotype
MC1061* F−, araD139, (ara leu)7697, ∆lacX74,
galU−, galK−, hsr−, hsm+, strA (Casad-
aban and Cohen 1980).
BL21 (DE3) plysS B F− dcm ompT hsdS(rB− mB−)
gal λ(DE3) [plysS Camr] (Wood 1966;
Studier and Moffatt 1986).
BL21-CodonPlus (DE3)-RIL B F− ompT hsdS(rB− mB−) dcm+tetr
gal λ(DE3) endA Hte [argU ileY leuW
Camr] (Stratagene)
C41 (DE3) plysS F− ompT gal hsdSB (rB− mB−) dcm
λ(DE3) [plysS Camr] and an un-
characterised mutation (Studier 1991;
Miroux and Walker 1996).
C43 (DE3) plysS F− ompT gal hsdSB (rB− mB−) dcm
λ(DE3) [plysS Camr] and an un-
characterised mutation (Studier 1991;
Miroux and Walker 1996)
Note: * was used for the amplification purpose.
centrifuged at 6 000×g for 10 min. The pellets were then re-suspended in 100 ml
of transformation buffer-1 (Tfb-1) and kept on ice for 30 min. This was followed
by centrifugation at 3 000×g for 8 Min at 4 ◦C. The cell pellet was then gently
re-suspended in 30 ml of transformation buffer-2 (Tfb-2) and was allocated into
1.5 autoclaved microfuge tubes and snap-frozen using liquid nitrogen and stored
at -80 ◦C.
3.3.1.3 Arabidopsis cell suspension maintenance and protoplast isolation
Cell suspensions were sub-cultured every 7 days in Arabidopsis growth media in
1:5 dilutions at 22-26 ◦C. This was carried out under 16hrs light and 8hrs dark
period while shaking at 125 rpm. Subcultures after 5 days were ′healthy′ and
green containing around 10% (v/v) cells. 40-50 ml of 3-5 days old Arabidopsis
cells was centrifuged at 800×g for 5 min in a 50 ml tube. Supernatant was carefully
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decanted and the pellet was re-suspended in 25 ml enzyme solution (Table D.2).
Each sample was filled to 50 ml with MS-GM and re-suspended and transferred
to two 145 mM petri dishes after which, 25 ml MS-GM was added to each dish.
Samples were then wrapped with aluminum foil and shaken for 3-5 hrs at room
temperature on an orbital shaker at 25 rpm. The cells were observed under the
microscope and when well digested (round and separated) they were transferred
to two 50 ml tubes and centrifuged at 1 200×g for 5 min. The supernatants were
discarded and the pellets were re-suspended in 25 ml MS-GM and centrifuged
at 800×g for 5 min. Thereafter, each pellet was re-suspended in 10 ml MS-S
and centrifuged at 800×g for 5 min following which, the upper layer (swimming
protoplast) was transferred to a new 15 ml tube using a pipette tip.
3.3.1.4 Mammalian cell line and culture
CHO cells were grown in complete Hams F12 containing: Hams F12 medium, 10%
fetal bovine serum (FBS) and 0.2% penicillin-streptomycin (pen/strep). Cells were
kept in logarithmic growth as a monolayer in 25 cm2 tissue culture flasks containing
5 ml complete Hams F12 medium at 37 ◦C in a humidified atmosphere containing
5% CO2. Single cell suspensions were obtained by causing the cells to round up
and detach from the flask using 0.25% trypsin. Thereafter the cells were seeded
into cell culture flasks at a density of 1:10. To maintain the cell line CHO cells
were frozen in 70% Hams F12, 20% FBS and 10% DMSO and stored at -80 ◦C.
3.3.2 PCR and sequencing methods
3.3.2.1 Primer design for amplification of SLF2 from the genomic DNA and
sequencing of the constructs
Primers amplifying the 393 amino acid coding sequence of SLF2 apple var. Golden
Delicious were designed and Factor Xa (Ile-Glu-Gly-Arg) and 6×His sequences
 
 
 
 
Chapter 3. Recombinant Expression Of S-locus F-box-S2 (SLF2) 155
Table 3.2: Sequence of the primers used for the amplification of
SLF2 and construct sequencing.
Primer Name Primer Sequence
BGH reverse 5′d-[TAGAAGGCACAGTCGAGG]-3′
M13 forward 5′d-[CCCAGTCACGACGTTGTAAAACG]-3′
M13 reverse 5′d-[AGCGGATAACAATTTCACACAGG]-3′
pGEX 3′ 5′d-[CCGGGAGCTGCATGTGTCAGAGG]-3′
pGEX 5′ 5′d-[GGGCTGGCAAGCCACGTTTGGTG]-3′
SLF2 BamHI F 5′d-[GGGGGGATCCATGTCCCAAGTGCGTGAAAG]-3′
SLF2 BamHI R 5′d-[GGGGGGATCCTTACTTAATTGGAACAAGACTT
TCCT]-3′
SLF2 FX 6×His BamHI 5′d-[GGGGGGATCCTTAGTGGTGGTGGTGGTGGT
GGCGGCCTTCGATCTTAATTGGAACAAGAC]-3′
SLF2 FX 6×His NotI 5′d-[GGGGGCGGCCGCTTAGTGGTGGTGGTGGTG
GTGGCGGCCTTCGATCTTAATTGGAACAAGAC]-3′
SLF2 NcoI F 5′d-[GGGGCCATGGTATCCCAAGTGCGTGAAA
GTGA]-3′
SLF2 NcoI R 5′d-[GGGGCCATGGAATCTTAATTGGAACAAGACTTTC
CT]-3′
SLF2 NdeI F 5′d-[GGGGCATATGTCCCAAGTGCGTGAAAG]-3′
SLF2 NheI F 5′d-[GGGGGCTAGCATGTCCCAAGTGCGTGAAAG]-3′
SLF2 NotI F 5′d-[GGGGGCGGCCGCAATGTCCCAAGTGCGTGAA
AG]-3′
SLF2 SmaI R 5′d-[GGGGGGGCCCCTTAATTGGAACAAGACTTTC
CT]-3′
SLF2 XhoI R 5′d-[GGGGCTCGAGCTTAATTGGAACAAGACTTTC
CT]-3′
T7 promoter 5′d-[TAATACGACTCACTATAGGG]-3′
T7 terminator 5′d-[GCTAGTTATTGCTCAGCGG]-3′
were added to the C-terminus of SLF2 gene. Furthermore, standard vector primers
(e.g. M13 forward and reverse) were used for the purpose of sequencing the con-
structs (Table 3.2).
3.3.2.2 Isolation of SLF2 from genomic DNA
PCR reactions were carried out using extracted DNA samples and a negative
control sample (no DNA), using the gene-specific designed primers summarized
in Table 3.2 in the presence of proofreading DNA polymerase enzyme. A 25 µl
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Table 3.3: PCR cycling conditions used for SLF2 amplifications.
PCR steps Description Temperature Number of Time
(◦C) Cycles (min)
Pre-PCR Denaturation 94 1 1
Annealing 65 0.5
Extension 72 2
Amplification Denaturation 94 0.5 30
Annealing 63* 0.5
Extension 72 2
Hold Annealing 94 0.5 1
Annealing 45 0.5
Final extension 72 11
Storage 4 ∞
Note: * Touchdown steps was set for annealing temperature every 0.5 ◦C.
PCR reaction containing 5-50 ng of template, 0.25 mM dNTPs, 0.05 µM of each
primer (forward and reverse primers), 1.25 U Pfu DNA polymerase and 1× Taq
DNA polymerase buffer was used to amplify SLF2 in a thermal cycler using PCR
cycling conditions summarized in Table 3.3.
3.3.2.3 Screening bacterial colonies using PCR
Colony PCR was used after a transformation to screen colonies for the desired
plasmid, those which give rise to an amplification product of the expected size
that are likely to contain the correct DNA sequence. Colonies from the plate
were transferred to the separate tubes containing 30 µl dH2O water. 3 µl of
suspension from each tube was then added to the separate PCR tubes with each
tube containing 22 µl pre-mix PCR reaction (Table 3.4). PCR reactions were
placed in a thermal cycler using PCR cycling conditions summarized in Table 3.3.
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Table 3.4: A 10× PCR pre-mix was set up for colony PCR.
Reaction 1× pre-mix 10× pre-mix
Content (µl) (µl)
dH2O 16.75 167.5
DNA polymerase buffer (10×) 2.5 25
dNTPs (5 mM) 0.5 5
Forward primer (10 pmol) 1 10
Reverse primer (10 pmol) 1 10
EconoTaq DNA polymerase 0.25 2.5
Total 22 220
3.3.2.4 DNA sequencing of constructs
To confirm construct accuracy, with respect to it being in frame as well as possible
mutations in the insertion sequence, the Applied Biosystems 3130xl (ABI3130xl)
and a BigDye terminator v3.1 cycle sequencing kit was used to generate DNA
sequence data. The amount of DNA required for the cycle sequencing reaction
was based on the size of the DNA fragment, 300-500 ng of purified plasmid DNA
(A260/A280≥1.82). Sequencing reactions were prepared using BigDye terminator
v3.1 cycle sequencing kit as summarized in Table 3.5 and the thermal cycler pa-
rameters were set as illustrated in Table 3.6.
Table 3.5: PCR reaction pre-mix set up using BigDye
terminator v3.1 cycle sequencing kit.
Reaction content Concentration
Ready reaction premix 1.25× (2 µl)
BigDye sequencing buffer 5× (2 µl)
Standard vector primer (forward or reverse) 3.2pmol
Template 300-500 ng
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Table 3.6: PCR cycling conditions used with BigDye terminator
v3.1 cycle sequencing kit for the segment amplifications.
PCR Description Temperature Time Number of
Steps (◦C) Cycles
Pre-PCR Denaturation 95 5 min 1
Amplification Denaturation 95 30 s 50
Annealing 50-55 10s
Extension 60 4min
Hold Storage 4 ∞ 1
3.3.2.5 Constructing ′A-tailing′ to blunt-end
A template independant residue was added by incubating the PCR fragment with
dATP (0.2 mM final concentration) and a non-proofreading DNA polymerase (1.5
U EconoTaq DNA polymerase) at the 3′ end of the gel purified blunt-ended PCR
fragments generated using 3′-5′ exonuclease activity of Pfu DNA polymerase en-
zyme. This procedure was done in order to enable TA-cloning of the PCR product
into the pGEM-T Easy vector. The reaction was incubated at 72 ◦C for 15-30 min
and the polymerase enzyme was inactivated by incubating the reaction mixture
at 4 ◦C in a thermal cycler.
3.3.2.6 Rapid ligation of DNA (Fermentas)
After the tailing reaction, 100 ng of A-tailing DNA was used without further
cleanup for ligation into the pGEM-T Easy vector in molar ratio of vector to
insert being set at 1:3 with 1 µl T4 DNA ligase and 5× rapid ligation buffer. The
reaction mixture was incubated at 22 ◦C for 5-15 min. 3-5 µl of ligated mixture
was used for transformation into MC1061 competent cells.
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3.3.2.7 pGEM-T Easy vector (Promega)
pGEM-T Easy vector was used for cloning the PCR products. The vector is a
linearized 3.0 kb sequence containing the origin f1, which is prepared to greatly
improve the efficiency of ligation of a PCR product (contains extra dA that was
added at both ends by a Taq DNA polymerase) into the plasmid using a single
3′-terminal thymidine that was added at both ends and prevents re-circularization
of the vector. pGEM-T easy vector contains T7 and SP6 RNA polymerase pro-
moters close to the multiple cloning sites that are compatible with blue/white
selection of recombinants technique (Fig.3.1).
Figure 3.1: Circular map of pGEM-T Easy vector and the
multiple cloning site (MCS).
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3.3.2.8 Fast restriction enzyme digests (Fermentas) including alkaline phos-
phatase treatment
Restriction enzymes were used according to the manufacturer instructions. In
general, plasmid DNA was digested with 1 µl of each fast digestion enzyme per 1
µg DNA for 5-15 min at 37 ◦C. The combined volume of all added enzymes did
not exceed 1/10 of the total reaction volume. Digested samples were applied on
0.7% agrose gel following which gel purification was carried out (Section 3.3.3.2).
Thereafter 2 U of shrimp alkaline phosphatase (SAP) and 3.5 µl of 10× SAP buffer
was added to the eluted sample with 30 µl of 1× TE buffer or dH2O. Samples were
incubated at 37 ◦C for 15 min followed by another 15 min incubation at 65 ◦C in
order to remove phosphate groups at the end of digested vector fragments hence
preventing re-circularization of the vector.
3.3.3 DNA purification and preparation methods
3.3.3.1 Cetyl trimethyl ammonium bromide (CTAB, Carlo Erba RPE) plant
nucleic acid (DNA) extraction method
The young leaves of apple var. Golden Delicious contain a high density of cells that
have not elongated and provide an ideal sample source for nucleic acid extraction.
The leaf materials were placed in a mortar that was cleaned with absolute ethanol
and dried at room temperature. The tissues were ground gently to a fine powder
by adding liquid nitrogen (N2) and grinding with a pestle. 1 ml of pre-warmed
(at 62 ◦C for 10-20 min) 2× CTAB buffer was added depending on the ground
material in the tube to obtain consistent slurry and homogenize suspension, which
was then incubated at 62 ◦C for 30 min. 10 µl of 10 mg/ml proteinase K was then
added and incubate at 37 ◦C for 30 min to cleave peptide bonds at the carboxylic
sides of aliphatic, aromatic or hydrophobic amino acids.
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Organic solvent extraction was then carried out with equal volume of chloroform:
isoamyl alcohol (24:1). The phase separation of the extracted solution assists
in the removal of the aqueous phase with minimal cross contamination from the
organic phase. Thereafter the mixture was thoroughly inverted several times to
mix and centrifuged for 10 min at 10 000×g. The aqueous phase was carefully
removed and transferred to a fresh tube. This procedure was carried out twice.
Double the volume of the aqueous phase of ice-cold absolute ethanol and 1/10
v/v of 3 M ammonium acetate (NH4Ac) was added to the samples and mixed by
inverting. The samples were then incubated at -20 ◦C for 20 min. Following the
incubation samples were spun down for 10 min at 10 000×g and the pellet was
washed twice with 500 µl ice-cold 70% ethanol and centrifuged at 10 000×g for 2
min. The pellet was then air-dried for 30 min.
Subsequently the pellet was re-suspended in 200 µl 1× TE buffer containing 0.06
mg/ml RNase A and incubated at 37 ◦C for 30 min. Samples were precipitated
following incubation with 0.5 v/v 3 M ammonium acetate and 2.5 v/v cold absolute
ethanol for 30 min at -20 ◦C. The samples were then spun down at 10 000×g for 10
min and the pellet was washed twice with 500 µl ice-cold 70% ethanol. Following
each wash the samples were centrifuged at 10 000×g for 2 min and the pellet was
air-dried for 30 min before being re-suspended in 1× TE buffer. The DNA extract
was then run on 0.8% agarose gel (Section 3.3.7.1).
3.3.3.2 Gel extraction and PCR purification
The DNA on the ethidium bromide stained gel (0.7%), was visualized in a dark
room using a UV light-box (a trans-illuminator) which was set to long-wavelength
UV (or low-power) in order to minimize the amount of time the DNA was exposed.
Subsequently the DNA fragment was removed from the gel by trimming as much
of the ′empty′ agarose around the DNA fragment as possible. The excised band
was placed in an autoclaved 1.5 ml microfuge tube and crushed with a spatula.
 
 
 
 
Chapter 3. Recombinant Expression Of S-locus F-box-S2 (SLF2) 162
The tube was incubated at -80 ◦C for 15-30 min to freeze the band completely.
The sample was thawed at room temperature and centrifuged at 10 000×g for 6
min. The supernatant was transferred to a fresh 1.5 ml tube and stored at 4 ◦C.
The procedure was repeated 3-5 times to recover maximum amount of DNA from
the gel slice.
The pooled supernatant from the above steps was centrifuged at 10 000×g for
6min and supernatant was transferred to a fresh 1.5 ml tube. Thereafter 1 µl of
glycogen (20 mg/ml) and 1:10 v/v 3 M Sodium acetate were added to the tube.
2.5 valumes of absolute ethanol was added to the solution, mixed thoroughly and
placed at -20 ◦C for 30 min. The samples were then spun down at 10 000×g for
10 min and the pellet was washed twice with 200 µl ice-cold 70% ethanol. After
each wash the samples were centrifuged at 10 000×g for 2 min and the pellet was
air-dried for 30 min before being re-suspended in 10-20 µl 1× TE buffer.
3.3.3.3 Small-scale preparation of plasmid DNA
E. coli MC1061 cells transformed with SLF2 plasmid constructs were detected
using colony PCR and streaked out on a LB plate containing 100 µg/ml of ampi-
cillin. Single colonies were picked and used to inoculate 10 ml of LB containing
100 µg/ml of ampicillin and 0.2% glucose and were grown overnight at 37 ◦C.
The overnight cultures were centrifuged at 10 000×g for 10 min. The supernatant
was then discarded (and to drain any residual supernatant, the tubes were placed
upside down on paper towel). Thereafter the pellets were re-suspended in 200 µl
ice-cold GTE following which the suspensions were transferred to 1.5 ml microfuge
tubes and incubated for 5 min at room temperature, before 400 µl of Lysis Solu-
tion (Table D.2) was added. The samples were mixed with the Lysis Solution and
incubated at room temperature for 5 min.
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Following the incubation, 300 µl of Neutralizing Solution (Table D.2) was added
to the samples and mixed by inverting the tubes several times. The samples
were then centrifuged at 10 000×g for 15 min. 800 µl of the supernatant was
transferred to the new 1.5 microfuge tubes and 600 µl isopropanol was added to
precipitate nucleic acids. The samples were incubated for 30 min at -20 ◦C to
facilitate precipitation. The samples were then centrifuged at 10 000×g for 10
min following which the supernatant was discarded and the pellets were washed
by adding 500 µl of 70% ethanol, while vortexing briefly and were centrifuged at
10 000×g for 5 min. Subsequently the supernatant was removed and the pellets
were dried at 37 ◦C and re-suspended in 500 µl of 1× TE. In order to remove
contaminating RNA the samples were treated with RNase A by adding 5 µl of
20 mg/ml RNAse A to 500 µl of the DNA samples. Thereafter the samples were
incubated in a heat-block at 37 ◦C for 1 hr and the DNA was extracted using
phenol:chloroform (1:1) treatment by adding 800 µl of phenol:chloroform to the
samples.
The samples were then vortexed and centrifuged at 10 000×g for 10 min. 400 µl
of the top aqueous phase was removed and transferred to 2 ml microfuge tubes.
To precipitate the DNA, 200 µl of 7.5 M ammonium acetate and 1ml of absolute
ethanol were added to the samples. The samples were then incubated at -20 ◦C
for 1 hr. Thereafter the DNA was pelleted by centrifugation at 10 000×g for 10
min, the supernatant was removed and the pellets were washed with 70% ethanol.
500 µl of 70% ethanol was added to the pellets, followed by centrifuging at 10
000×g for 5 min. Subsequently ethanol was removed and the pellets were dried
at 37 ◦C.
The dried pellets were then re-suspended in 2 ml of 1× TE buffer (Table D.2) and
transferred to two separate 1.5 ml microfuge tubes. 0.4 ml PEG/NaCl solution
was added to each tube and mixed at 4 ◦C for 12-16 hrs. The samples were then
spun down at 10 000×g for 30 min and washed twice with 200 µl ice-cold 70%
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ethanol. Following each wash the samples were centrifuged at 10 000×g for 2 min
and the pellets were air-dried for 30 min before being re-suspended in 10-20 µl 1×
TE buffer.
3.3.3.4 Large-scale preparation of plasmid DNA
5 ml LB agar containing selective agent that was inoculated with a colony of
plasmid bearing E. coli and incubated at 37 ◦C (vigorous shaking) was used to
inoculate 500 ml LB containing selective agent and allowed to grow at 37 ◦C
(while shaking) until the OD600 of 2.0 was reached. The bacteria were pelleted by
centrifugation at 6 000×g for 10 min at 4 ◦C. The pellet was then re-suspended
in 2 ml GTE Solution (Table D.2) and incubated on ice for 10 min. Thereafter 5
ml Lysis Solution was added and mixed gently by inverting 4 times and incubated
on ice for 10 min. At this stage, the solution becomes homogeneous and clear.
Following the incubation, 3 ml Neutralization Solution was added and mixed gen-
tly by inverting 4 times. The mixture was incubated on ice for another 10 min after
which a white precipitate was formed. The precipitate of cell debris, chromosomal
DNA and SDS was removed by centrifugation at 6 000×g for 15 min at 4 ◦C. After
centrifugation the supernatant was decanted to a fresh tube and filtered through
glass wool to remove particulate material and the nucleic acids were precipitated
by the addition of 0.8 volume of isopropanol, followed by the incubation at -20 ◦C
for 20 min. The precipitate was pelleted by centrifugation at 10 000×g for 10 min
at 4 ◦C. Pellet was dissolved in 320 µl of de-ionized water and 80 µl of 4M NaCl
and 400 µl of autoclaved 13% PEG 8 000 were added following which the samples
were mixed thoroughly and left on ice for 20 min. The precipitate was pelleted by
centrifugation at 10 000×g for 15 min at 4 ◦C. The supernatant was then removed
carefully and the pellet was rinsed with 1ml of 70% ethanol and air-dried for 30
min. The pellet was re-suspended in 1× TE buffer at 1 mg/ml and stored at 4 ◦C
(short term) or -20 ◦C (long term). The concentration of plasmid was quantified
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and qualified using NanoDrop 1000 spectrophotometer and was verified using a
restriction digest, followed by gel electrophoresis.
3.3.3.5 Cleaning procedure of the sequencing reaction products
The 96-well reaction plate contains sequencing reaction was removed from the
thermal cycler and the cover was removed. To prepare ethanol/EDTA solution
for full-volume reactions 2.5 µl of 125 mM EDTA and 30 µl of absolute ethanol
were added to each 10 µl reaction. The wells were then sealed with aluminum
foil. The reaction plate was inverted four times to mix and incubated at room
temperature for at least 15-30 min to precipitate the extension products. The plate
was centrifuged at 1 650×g for 45 min. The next step was performed immediately
following centrifugation. The supernatant was then discarded by inverting the
reaction plate onto a paper towel folded to the size of the plate. The supernatant
was removed completely because unincorporated dye terminators dissolved in them
can significantly affect the quality of the sequencing read. The samples were then
washed with 60 µl of 70% ethanol for full-volume reactions and mixed by inverting.
This was followed by centrifuging the plate at 1 650×g for 15 min.
The wash step was repeated and the plate allowed to dry for 15 min while being
protected from light at 37 ◦C. Samples re-suspended in 12.5 µl of Hi-Di formamide
in a covered plate with aluminum foil. It was taped and vortexed thoroughly for
15 s and then denatured in a thermal cycler at 95 ◦C for 5 min and cooled down
at 4 ◦C for minimum of 3 min. In this step it was convenient to kept samples
wrapped in aluminum foil at -20 ◦C or load 10 µl of sample in ABI PRISMTM
96-well optical reaction plates.
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3.3.4 Cell transformation/transfection
3.3.4.1 Transformation of E. coli competent cells by plasmid-DNA con-
structs
Aliquots of competent cells were thawed on ice and 100 µl of cells were added to 2
µl of plasmid-DNA in the pre-cooled 1.5 ml tubes. The transformation mixtures
were kept on ice for 20-25 min and then placed in a heat-block at 42 ◦C for 42-45
s. The mixture was placed on ice for 2-5 min before adding 0.9 ml of pre-warmed
LB at 37 ◦C. The mixtures were then placed on a shaker at 37 ◦C for 1.5-2
hrs. 100 µl of each transformation mixture was plated on a 37 ◦C pre-warmed
LB plate containing 100 µg/ml ampicillin (or 50 µg/ml kanamysin) and 34 µg/ml
chloramphenicol. The plated cells were subsequently incubated overnight at 37
◦C.
3.3.4.2 PEG-mediated protoplast transfection by plasmid-DNA constructs
The SLF2-FX-6×His-pCAMBIA1305.1 (1 µg/ µl stock) construct produced from
large-scale plasmid DNA preparation (Section 3.3.3.4) was used by adding 30-40
µg in a 15 ml tube. 0.15 ml of Arabidopsis isolated protoplast suspension (Section
3.3.1.3) was added to each tube and mixed gently. Immediately 0.45 ml PEG
Solution (Table D.2) was added to the tubes and mixed. The tubes were then
wrapped by aluminum foil and incubated at room temperature for 20-30 min.
Thereafter 1.5 ml of 0.275 M Ca(NO3)2 was added to each sample and mixed.
Samples were centrifuged at 800×g and supernatants were discarded. 0.5 ml MS-
GM was then added to each sample and cultivated overnight at 22-26 ◦C in the
dark.
 
 
 
 
Chapter 3. Recombinant Expression Of S-locus F-box-S2 (SLF2) 167
3.3.4.3 Transfection of CHO cells by plasmid-DNA constructs
Purified DNA of the SLF2-FX-6×His-pcDNA3.1/Zeo(+) construct from large-
scale plasmid DNA preparation (Section 3.3.3.4) was used for all transfection pro-
cedures. CHO cells were transfected using EXGEN500 in a 6 well plate according
to the manufacture instructions. 3 µg DNA was mixed with 200 µl of 150 mM
NaCl in a 1.5 ml microfuge tube. Suspension was vortexed and centrifuged briefly
at 280×g for 5 min before adding 9.87 µl EXGEN500 to make EXGEN500/DNA
component. The suspension was vortexed again for 10 s and incubated at room
temperature for 10 min. 200 µl of EXGEN500/DNA was then added dropwise
into sub-confluent cells that were cultured the day before, while some wells were
left un-transfected as negative control. The plate was incubated at 37 ◦C in a
humidified atmosphere containing 5% CO2 for 4hrs or overnight.
3.3.4.4 Stable transfection of CHO cells
After 24 hrs normal growth media was replaced with the selective media con-
taining 500-600 µg/ml zeocin. Selective media was changed every 3-4 days and
the cells were grown for 3-8 weeks until colonies of zeocin-resistant were grown.
This procedure continued until all cells in untransfected control were dead and
detached. In this step, zeocin-resistant cells were passaged at a 1:10 dilution into
the flasks containing a fresh selective media. The cells were grown in selective
media for a week following which the selective media was switched to the normal
growth media.
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3.3.5 Recombinant protein expression in E. coli
3.3.5.1 Small scale protein expression
Four freshly transformed colonies of E. coli were inoculated into 10 ml LB media
containing 100 µg/ml ampicillin or 50 µg/ml kanamycin and 34 µg/ml chloram-
phenicol grown in a shaking incubator for 2 hrs at 37 ◦C. Each culture was
divided into two 5 ml cultures of which one was induced with 0.1 mM IPTG and
both cultures were then allowed to grow for 4 hrs. Pellets from the uninduced
and induced cultures were then screened for protein expression using SDS-PAGE
(Section 3.3.7.2).
3.3.5.2 Large scale protein expression
A 500 µl aliquot from the small-scale expression culture was inoculated into 100
ml of LB medium containing 100 µg/ml ampicillin or 50 µg/ml kanamycin and 34
µg/ml chloramphenicol and incubated at 37 ◦C overnight in a shaking incubator
(ZHWY-211C model, Zhicheng R© manufacturers, Shanghai, China). Next day,
the overnight culture was scaled up to 1 L using fresh LB containing 100 µg/ml
ampicillin and and 34 µg/ml and allowed to grow at 37 ◦C in a shaking incubator
until an OD600 of 0.4-0.5 was reached. IPTG was added to a final concentration
of 0.1 mM, the temperature lowered to 25 ◦C and the culture grown for 5 hrs.
3.3.6 Cell lysis and protein extraction methods
3.3.6.1 Cell lysis and protein extraction from E. coli cells
The overnight cultures induced for recombinant protein expression were trans-
ferred to 250 ml polypropylene tubes and centrifuged at 6 000×g at 4 ◦C. The
supernatant was discarded and the pellet was washed with 1× PBS. The pellet
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was then re-suspended in 8-10 ml 1× STE buffer per gram of wet pellet. There-
after the tubes were incubated on ice for 20 min. The cells were lysed by lysozyme
and disrupted using sonication (5-6 times 30 s in 20 puls with 5 min intervals) on
ice. The suspension was centrifuged at 15 000×g at 4 ◦C for 1 hr and supernatant
was transferred to a 50 ml tube and stored at 4 ◦C.
3.3.6.2 Protein isolation from Arabidopsis protoplasts
The samples were transferred to 1.5 ml microfuge tubes and centrifuged at 800×g
for 5-7min. Supernatants were discarded and 400 µl protoplast protein extraction
buffer was added to each sample. Samples were vortexed for 30 s followed by
freezing in liquid nitrogen. The samples were then melted on ice and re-vortexed.
Tubes were centrifuged at 10 000×g for 10 min and supernatant was transferred to
a new 1.5 ml microfuge tube without disturbing the pellet. Finally, samples were
loaded on the SDS-PAGE and Western blotting technique was applied (Sections
3.3.7.2 and 3.3.8.2).
3.3.6.3 Protein extraction from CHO cells
The target cells were cultured in 75 cm2 flasks and were harvested when confluent.
The flasks were kept on ice for 5 min and then the cells were washed with 1ml
PBS gently. After washing 1ml PBS was added to each flask and the cells were
scraped using cell scalpers. Cell suspensions were pooled in a 15 ml tube and
centrifuged at 280×g for 5 min. The supernatant was discarded and the pellet
was re-suspended into 200 µl of 1× PBS and stored at -20 ◦C. After washing the
cells with 1× PBS, the pellet was dissolved in 500 µl-1 ml RIPA buffer based on
the size of the pellet. The cells were lysed mechanically by passing the pellet 5-10
times through a syringe needle (20 gauge) and placed on ice for 1 hr. Samples were
centrifuged at 10 000×g for 10 min and the supernatant was transferred to a new
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1.5 ml microfuge tube without disturbing the pellet. Subsequently, samples were
loaded on the SDS-PAGE and Western blotting technique was applied (Sections
3.3.7.2 and 3.3.8.2).
3.3.7 Gel preparation and analysis
3.3.7.1 Agarose gel preparation
0.7-1 g of agarose was dissolved in 100 ml 1× TBE buffer and boiled. After
cooling, ethidium bromide (0.5 µg/ml final concentration) was added and the gel
was poured into the casting tank while the bubbles were removed with the comb.
The gel was then allowed to set. Samples were prepared by adding 2 µl of 5×
loading dye for 8 µl of the DNA sample and loaded into each well along with 5
µl of molecular weight marker in the first well. The gel was electrophoresed at 8
V/cm for 1 hr in 1× TBE buffer, following which the gel was viewed under the
UV light. Thereafter the amount of DNA in each sample was quantified using a
NanoDrop 1000 Spectrophotometer.
3.3.7.2 SDS-polyacrylamide gel (SDS-PAGE) electrophoresis of proteins
Protein samples were separated on SDS-PAGE gels under reducing conditions
according to Laemmlis method (Laemmli 1970). 14% SDS-PAGE separating gels
were prepared from 40% stock of premixed 37.5:1 acrylamide:bisacrylamide and
a 6% stacking gel, which was added to the top of the separating gel. Protein
samples were prepared by adding 6× SDS sample buffer to the samples. The
samples were vortexed briefly and then boiled at 95 ◦C for 5 min followed by
centrifugation for 2 min. 20 µl of each sample was loaded on the SDS-PAGE wells
and it was electrophoresed at 10 V/cm for 1 hr, using the Mighty Small apparatus
(Hoeffer). The gel was fixed using Staining Solution (Table D.2) for 30-60 min on
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an orbital shaker. Destaining was achieved by multiple washes with SDS-PAGE
Destaining Solution or overnight incubation in Destaining Solution (Table D.2) at
room temperature while shaking.
3.3.8 Blotting analysis
3.3.8.1 Dot blot
2-5 µl of protein solution was placed on the pre-activated PVDF Western blotting
membrane in 100% methanol for 15-20 s. The membrane was then incubated
at room temperature until the protein spots were completely dried. The PVDF
Western blotting membrane was blocked for 1 hr at room temperature in blocking
buffer (TBS-T contains 5% non-fat dried milk). Blocking buffer was then discarded
and PVDF Western blotting membrane was incubated in 1:2 000 dilution of the
HRP-conjugated antibody in the blocking buffer for 1 hr at room temperature on
an orbital shaker. This was followed by a further washing step for 1× 15 min and
3× 5 min at room temperature on an orbital shaker. To detect the expression of
the recombinant protein 1ml of TMB 1-component membrane peroxidase substrate
was added to the previously washed membrane.
3.3.8.2 Western blot
An un-stained SDS-PAGE gel was used to transfer proteins separated by SDS-
PAGE onto PVDF Western blotting membranes using a semi-dry transfer unit.
Pre-activated PVDF Western blotting membrane, Whatman 3 MM papers, and
the gel were equilibrated with pre-chilled transfer buffer for 30 min in separate
containers. PVDF Western blotting membrane was then positioned on top of a
piece of Whatman 3 MM paper. The gel was then placed on top of PVDF Western
blotting membrane, ensuring that all the bubbles were removed. Whatman 3 MM
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paper was placed over the gel in a semi-dry transfer unit. Subsequently proteins
were electroblotted onto the PVDF Western blotting membrane at 5.5 mA/cm2
for 30 min at room temperature. After blotting, the PVDF Western blotting
membrane was blocked and stained (Section 3.3.8.1).
3.3.9 Protein solubility and localization assay
To identify the best purification strategy for the target protein, it is crucial to clar-
ify whether the protein is soluble in the cytoplasm or located in inclusion bodies.
Proteins may be secreted into the periplasmic space if they contain appropriate
leader peptide sequence, which depends on the host cell and on the nature of both
the recombinant protein and the leader peptide (Bannwarth and Schulz 2003).
3.3.9.1 Isolation of soluble proteins from cytoplasm of E. coli
A soluble protein fraction was extracted from 0.2 g harvested cells of E. coli and
was re-suspended in 1ml 1× STE buffer (Section 3.3.6.1). The suspension was
centrifuged at 10 000×g for 10 min and the supernatant was transferred to a new
1.5 ml microfuge tube and stored at 4 ◦C.
3.3.9.2 Isolation of E. coli periplasmic proteins using osmotic shock proce-
dure
0.2 g of harvested cells of E. coli was re-suspended in 5 ml of 33 mM Tris-HCl
(pH=7.4), and 5 ml osmotic shock solution was added slowly to the suspension.
The suspension was incubated at room temperature for 15 min for osmotic shock
following which it was centrifuged at 4 300×g for 15 min. The supernatant was
discarded and the pellet was rapidly re-suspended in 1ml of ice-cold distilled water
contains 1 mM MgCl2. The suspension was then incubated on ice for 10 min and
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then it was centrifuged at 10 000×g for 10 min at 4 ◦C. The supernatant containing
periplasmic protein was collected immediately in a 1.5 ml microfuge tube and kept
shortly at 4 ◦C for further analysis.
3.3.9.3 Isolation of proteins from E. coli cytoplasmic (inner) membrane
The pellet produced after osmotic shock procedure was re-suspended in 1 ml 1×
STE buffer containing 1-2% sarkosyl for solubilization of the inner membrane at
room temperature while rolling for 1 hr. The suspension was centrifuged at 10
000×g for 10 min and supernatant was transferred to a new 1.5 ml microfuge tube
and shortly stored at 4 ◦C.
3.3.9.4 Isolation of proteins from E. coli inclusion bodies and outer mem-
brane
The pellet of the harvested cells from Section 3.3.9.3 was re-suspended in 1ml 1×
STE buffer containing 8 M urea after isolation of cytoplasmic membrane proteins
using sarkosyl treatment. The suspension was then centrifuged at 10 000×g for
10 min and the supernatant was transferred to a new 1.5 ml microfuge tube and
stored at 4 ◦C.
3.3.10 Protein purification
3.3.10.1 Regeneration and storage of glutathione resins
Glutathione resins were regenerated by washing the column with 10 CV of resin
regeneration buffer 1 followed by washing with 2 CV of dH2O. Thereafter the
column was washed with 5 CV of regeneration buffer 2. The last wash step was
repeated 2-3 times and the resin was stored in a 20% ethanol slurry at 4 ◦C.
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3.3.10.2 Affinity chromatography purification of recombinant protein
GST fusion protein was purified using a gluthatione agarose column, prepared
according to the manufacturer’s instructions or regenerated (Section 3.3.10.1).
The lysate was added to the resin that was equilibrated with at least 5 CV of
wash buffer in a 50 ml tube and incubated for 30-60 min on ice while shaking. The
suspension was transferred to a disposable gravity column and the flow-through
was collected. Thereafter the column was washed with 5 CV of ice-cold wash
buffer. Recombinant protein was eluted from the column with 10 ml of elution
buffer at a flow rate of 5 ml perminute. The column was washed with 5 CV of
wash buffer, followed by 3 CV of 1 M NaCl. Finally, 1× E. coli protease inhibitor
was added to the sample before storing at 4 ◦C shortly. The column was then
washed with 20% ethanol and stored at 4 ◦C.
3.3.10.3 PreScission protease cleavage of recombinant protein and recovery
of SLF2opt
The GST-tag was removed from the recombinant protein with PreScission protease
at 4 ◦C. SLF2 protein was released using 10 units (5 µl) of protease that was added
to 10 ml of recombinant protein in a dialysis bag (MWCO 3 500 Da). The dialysis
bag was then placed in 1 L of cleavage buffer and incubated at 4 ◦C overnight.
Thereafter the content of dialysis bag was concentrated to a final volume of about
10 ml using YM-3 centriprep concentrators (MWCO 30 000 Da) and was loaded
into a 10 ml loop and then the sample was loaded. The column was pre-washed
and equilibrated MonoQ 10/100 GL column (Amersham Pharmacia Biotech) with
40 ml water and 40 ml start buffer at 1 ml/min, respectively. SLF2 and GST were
eluted between 0-100% elution buffer gradient and the fractions were collected
in separate tubes. The fractions were subjected to SDS-PAGE analysis (Section
3.3.7.2).
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3.3.11 Cell-free (in vitro) protein expression
3.3.11.1 S12-extract preparation from E. coli
The cell extracts were prepared from E. coli strain BL21-CodonPlus (DE3)-RIL
competent cells. A single colony from a LB plate containing 34 µg/ml chloram-
phenicol was grown in 5 ml LB medium with 34 µg/ml chloramphenicol in a 15
ml tube overnight. Bacterial culture was diluted 1:100 into 2× YT medium with
34 µg/ml chloramphenicol and grown at 37 ◦C with vigorous shaking. When the
cell density (OD600) reached 0.6, IPTG was added to the cell culture media in 1
mM final concentration to induce expression of the T7 RNA polymerase. The cells
were harvested in the mid-log phase (OD600=3-5) by centrifugation at 6 000×g
for 5 min. The pellet was washed three times by resuspending in 20 ml of buffer
I per gram of wet cells and then centrifuged at 6 000×g for 5 min. The pellet
was re-suspended in 12.7 ml of buffer II per 10 g wet cell pellets and disrupted by
sonication on ice (three times at 20 s with 30 s intervals). The crude lysate was
centrifuged at 12 000×g for 10 min and supernatant was transferred to a fresh
50 ml tube and incubated at 37 ◦C for 30 min. The cell extract was divided into
small aliquots in 2 ml microfuge tubes and was stored at -80 ◦C.
3.3.11.2 Cell-free (in vitro) protein synthesis
The SLF2-pIVEX2.3d and SLF2-pIVEX2.4d constructs were used as template
in concentration of 0.5 µg/ml-1 µg/ml for protein synthesis along with standard
reaction mix. All components loaded in a 1.5 ml microfuge tube that placed in
the Eppendorf Thermomixer R set at 20-37 ◦C for 4-24 hrs with shaking at 250
rpm. After incubation samples centrifuged at 10 000×g for 15 min and 50 µl
of suspension mixed with 10 µl 6× SDS-PAGE sample buffer in a new 1.5 ml
microfuge tube. Finally, samples were loaded on the SDS-PAGE and Western
blot technique was applied (Sections 3.3.7.2 and 3.3.8.2).
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3.4 Results and Discussion
3.4.1 Bacterial recombinant protein expression
In this study, the focus was on over-expression of S -locus F-box-S2 pollen factor
of apple var. Golden Delicious (SLF2) in a bacterial expression system to pro-
vide sufficient amount of SLF2 for protein studies. To achieve this goal several
constructs were prepared and tested in different bacterial strains (Table 3.1).
3.4.1.1 SLF2-pGEM-T Easy constructs
SLF2-pGEM-T Easy constructs were built using PCR products (Fig.3.2(a)) that
were amplified using the primers (Table 3.2) based on the multiple cloning site
(MCS) of expression vectors from genomic DNA of apple var. Golden Delicious
(Fig.3.2(b)) (Sections 3.3.3.1 and 3.3.3.2). SLF2-pGEM-T Easy constructs were
transformed into E. coli MC1061 cells for plasmid-mediated gene amplification
(Sections 3.3.3.3 and 3.3.3.4). The presence of the insertion (SLF2) in pGEM-T
Easy was confirmed using Colony-PCR (Section 3.3.2.3, Fig.3.2(c)) and restric-
tion enzyme digestion (Section 3.3.2.8, Fig.3.2(d)). Furthermore, different clones
were isolated from the LB/Amp plates and sequenced in both strands, using M13
forward and reverse primers (Table 3.2, Section 3.3.2.4, Fig.3.2(e)). All the se-
quences obtained showed a 100% identity with DNA sequence of SLF2 in the
NCBI database.
 
 
 
 
Chapter 3. Recombinant Expression Of S-locus F-box-S2 (SLF2) 177
(a) Isolated genomic DNA. (b) PCR amplification of SLF2.
(c) Colony PCR of SLF2-pGEM-
T Easy.
(d) Restriction enzyme digestion
of SLF2-pGEM-T Easy.
(e) Single pane view of sequencing results in FinchTV v1.4.0.
Figure 3.2: Illustrates the result of genomic DNA isolation,
PCR amplification of SLF2, confirmation of availability of in-
sertion (SLF2) in pGEM-T Easy and sequencing with standard
vector primers. a) Agarose gel electrophoresis results showing the
isolated genomic DNA from apple var. Golden Delicious leaves: lane
A shows marker and lanes B and C show isolated DNA. b) Confirms
the PCR amplification of SLF2 from genomic DNA using PCR: lane
A represents DNA marker, lane B shows negative sample and lanes
C and D show amplified SLF2 from genomic DNA. c) Confirms the
presence of SLF2-pGEM-T Easy construct in selected colonies using
Colony PCR technique: lane A shows DNA marker, lane B shows
negative sample and lanes C-H show positive colonies. d) Confirms the
presence of SLF2-pGEM-T Easy construct in plasmid prep following
restriction enzyme digestion with adapted restriction sites to SLF2: Lane
A represents DNA marker and lane B shows digested pGEM-T Easy and
SLF2 in separate bands. e) A single pane view of sequencing results in
FinchTV v1.4.0 (http://www.geospiza.com) confirming the precise
sequence of SLF2 cloned in the vector.
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3.4.1.2 Construction of the SLF2-pGEX-6P-2 plasmid
The Glutathione S-Transferase (GST) Gene Fusion System induces high-level ex-
pression of genes as fusions with Schistosoma japonicum GST (Smith and Johnson
1988). This system facilitates the expression, purification, and detection of fusion
proteins produced in E. coli. pGEX-6P-2 is a GST-based expression vector is a
4900 bp GST-based expression vector containing a tac promoter, N-terminal GST
gene, an ampicillin resistance gene and a PreScission cleavage site, which allows
cleavage at low temperatures.
The SLF2-pGEX-6P-2 was constructed by digestion of SLF2-pGEM-T Easy con-
structs using double digestion of BamHI and XhoI restriction enzymes whose sites
were added to SLF2 using forward (SLF2 BamHI F) and reverse (SLF2 XhoI R)
primers (Table 3.2) by PCR technique (Section 3.3.2.2). SLF2 was digested in
a double digestion reaction using BamHI and XhoI FastDigest enzymes (Section
3.3.2.8). Digested SLF2 was re-cloned into pGEX-6P-2 between BamHI and XhoI
restriction sites in the multiple cloning site (Fig.3.3) using a DNA rapid ligation
kit (Section 3.3.2.6), where 10 µl of ligation reaction was transformed into MC1061
E. coli competent cells (Section 3.3.4.1) and the availability of SLF2 in the con-
struct was checked (Section 3.4.1.1). To achieve this BamHI and XhoI restriction
enzymes and pGEX 5′ and pGEX 3′ standard vector primers were used (Table
3.2).
 
 
 
 
Chapter 3. Recombinant Expression Of S-locus F-box-S2 (SLF2) 179
Figure 3.3: Circular map of pGEX-6P-2 and the place of SLF2
insertion in the multiple cloning site (MCS) using BamHI and
XhoI restriction sites.
3.4.1.3 Construction of the SLF2-pET21a plasmid
The pET expression system is a powerful E. coli expression system for cloning,
expression, and purification of recombinant proteins. It is under control of the
bacteriophage T7 transcription system as the expression is induced by T7 RNA
polymerase in the host cell. The pET-21a is an expression vector that carries an
un-cleavable C-terminal 6xHis-Tag sequence and an ampicillin resistance gene.
The SLF2-pET21a was constructed by digestion of SLF2-pGEM-T Easy con-
structs using double digestion of BamHI and XhoI restriction enzymes whose sites
were added to SLF2 using forward (SLF2 BamHI F) and reverse (SLF2 XhoI R)
primers (Table 3.2). Digested SLF2 was re-cloned into pET21a vector (Fig.3.4)
and the availability of SLF2 in the construct was checked (Section 3.4.1.1) by using
BamHI and XhoI restriction enzymes as well as T7 operator and T7 terminator
standard vector primers (Table 3.2).
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Figure 3.4: Circular map of pET21a(+) and the place of SLF2
insertion in the multiple cloning site (MCS) using BamHI and
XhoI restriction sites.
3.4.1.4 Construction of the SLF2-pETM-41 plasmid
The plasmid pETM-41 expression vector belongs to the pET expression system
that contains a 6xHis-maltose-binding-protein (6xHis-MBP) tag followed by a to-
bacco etch virus (TEV) protease cleavage site and a Kanamycin resistance gene.
The MBP expressed as an N-terminal fusion in this vector not only enhances re-
combinant expression but also facilitates soluble protein production by promoting
the folding of its fused partner (Kapust and Waugh 1999; Nallamsetty and Waugh
2006; Peti and Page 2007). The SLF2-pETM-41 was assembled by digesting SLF2-
pGEM-T Easy constructs using double digestion with NcoI and BamHI restriction
enzymes whose sites were added to SLF2 using forward (SLF2 NcoI F) and re-
verse (SLF2 BamHI R) primers (Table 3.2). Digested SLF2 was re-cloned into
pETM-41 vector (Fig.3.5) and the availability of SLF2 in construct was checked
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Figure 3.5: Circular map of pETM-41 and the place of SLF2
inserted in the multiple cloning site (MCS) using NcoI and
BamHI restriction sites.
(Section 3.4.1.1) by using NcoI and BamHI restriction enzymes and T7 operator
and terminator standard vector primers summarized in Table 3.2.
3.4.1.5 Screening of bacterial recombinant expression of SLF2
For the recombinant expression of SLF2 protein the BL21(DE3)plysS was used as
standard competent cells routinely used in expression studies. These cells can be
used with expression vectors that are under the control of a T7-promoter, such as
pET vectors. For the purpose of this study pET21a was used as a vector, based
on the pre-knowledge that pET has a C-terminal 6xHis-tag.
Following the expression of SLF2 a significant difference was expected to be ob-
served between the un-induced and induced (soluble and insoluble fractions) sam-
ples, which were run on the SDS-PAGE. However no significant band at 45 kDa
 
 
 
 
Chapter 3. Recombinant Expression Of S-locus F-box-S2 (SLF2) 182
was observed. The absence of SLF2 expression was further assessed using blotting
techniques and the above-mentioned results were confirmed, whereby no signal was
observed on the PVDF Western blotting membrane. This expression-screening
analysis was undertaken at 30 ◦C following induction with 0.1 mM IPTG con-
centration, while samples were collected at 4 hrs and 16 hrs (overnight). Further
attempts were made to determine optimal conditions at which SLF2 is expressed
using different temperatures and IPTG concentrations ranging between 18-37 ◦C
and 0.1 mM-1.0 mM respectively.
Despite efforts at providing ideal conditions for the expression of SLF2, no positive
results were obtained. Hence the analysis was taken a step further by evaluating
different constructs consisting of two tags, namely GST and MBP fusion proteins.
The use of these proteins were based on the knowledge that the translational
initiation from the amino terminal fusion partner can be more efficient than the
start contributed by the protein of interest resulting in larger amount of protein
to be obtained as a fusion. However the results proved to be insignificant with no
expression being observed.
This lack of expression could be explained by the fact that in some cases the re-
combinant protein can be deleterious to standard BL21 when expressed, which
results in minimal and or no detectable expression. For this reason alterations
in the competent cells were made, whereby C41(DE3)-plysS and C43(DE3)-plysS
were employed. C41 has an uncharacterized mutation that prevents cell death
associated with the expression of many toxic recombinant protein. C43 on the
other hand can express a different set of toxic proteins compared to C41, allowing
for a large array of toxic proteins to be expressed. As such the cells were trans-
formed using the above-mentioned constructs, while similar optimization steps
were undertaken. However no detectable expression was observed.
The role of codon-usage on the level of protein expression is well-established,
whereby if the gene of interest contains codons not commonly used in E. coli, low
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expression may result due to the depletion of tRNAs for the rare codons. As such
BL21-CodonPlus strain was employed which supplies the rare codons that are
more commonly utilized by eukaryotes. Nevertheless no expression was detected
for SLF2 on the SDS-PAGE and the PVDF Western blotting membrane.
3.4.2 Protein expression in mammalian cells
3.4.2.1 Construction of the SLF2-FX-6xHis-pcDNA3.1/Zeo(+) plasmid
pcDNA3.1/Zeo(+) is a f1 origin vector with 5.0 kb size containing a CMV pro-
moter and a zeocin resistant gene, which is designed for high-level stable and
transient mammalian expression. Forward (+) and reverse (-) multiple cloning
orientations are provided to facilitate cloning. In the sense orientation, it con-
tains the T7 promoter for in vitro transcription and an ampicillin resistant gene.
The SLF2-FX-6xHis-pcDNA3.1/Zeo(+) was constructed by digestion of SLF2-
pGEM-T Easy constructs using double digestion of NheI and NotI restriction
enzymes added to SLF2 through the use of forward (SLF2 NheI F) and reverse
(SLF2 FX 6xHis NotI R) primers (Table 3.2) using the PCR technique (Section
3.3.2). Digested SLF2 was re-cloned into pcDNA3.1/Zeo(+) (Fig.3.6) and the
availability of SLF2 in construct was checked (Section 3.4.1.1) using NheI and
NotI restriction enzymes as well as T7 forward and BGH reverse primers (Table
3.2).
3.4.2.2 SLF2 expression in mammalian cells
Despite the use of varying temperatures, time of induction, and the type of plas-
mid or fusion protein, certain proteins may not express well in E. coli and should
be tried in other organisms. For this reason the mammalian expression system
was adopted. Mammalian cell expression systems are transient expression sys-
tems that allow extra-chromosomal amplification of plasmids; hence permit more
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Figure 3.6: Circular map of pcDNA3.1/Zeo(+)vector and the
place of SLF2 FX 6xHis inserted in the multiple cloning site
(MCS) using NheI and NotI restriction sites.
plasmid copies to persist in the transfected cells throughout the production phase
leading to a significant increase in gene expression. Furthermore large-scale tran-
sient expression of recombinant proteins in mammalian cells has been shown to
generate sufficient amounts of recombinant protein for early production and high
throughput screening (Kunaparaju et al. 2005). Even though mammalian cultures
are more complicated and expensive compared to microbial systems, they are usu-
ally preferred due to being capable of performing post-translational modifications
(PTMs) of proteins, especially glycosylation (Walsh and Jefferis 2006).
SLF2 expression was conducted using pcDNA3.1/Zeo(+) expression vector as a
6xHis fusion protein with a designed Factor Xa cleavage site before the 6xHis
tag at the C-terminal end. CHO cells were grown in complete Hams F12 at
37 ◦C in a humidified atmosphere containing 5% CO2. Secondary cultures were
used for transfection using 3 µg purified DNA of SLF2-FX-6xHis-pcDNA3.1/Zeo
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(+) construct from large-scale plasmid DNA preparation (Section 3.3.3.4) and
EXGEN500 transfection reagent (Section 3.3.4.3) with good transfection efficiency
(Fig.3.7).
Transfected cells were grown in normal growth media after growing in selective
media containing 500-600 µg/ml zeocin for a week. The cells were lysed mechan-
ically using RIPA buffer by passing the pellet through a syringe needle on ice
(Section 3.3.6.3). To detect expression of SLF2 recombinant fusion protein into
CHO cells, Western blot analysis was performed (Section 3.3.6.3) while an anti-
His antibody was used to specifically bind to 6xHis tag in C-terminal of SLF2 on
PVDF Western blotting membrane (Section 3.3.8.2). The results of this study
proved successful although only very faint expression of this gene was observed in
the CHO cells lysates (Fig.3.7(d)).
Despite the common use of CHO cells for the rapid production of recombinant pro-
teins, the exact cause of low expression yields in CHO has not yet been determined
(Rajendra et al. 2011). Studies have shown that the exposure of transfected CHO
cells to hypothermic conditions (30-33 ◦C) or histone deacetylase inhibitors can
enhance the yield signicantly (Stettler et al. 2007). This suggests that optimiza-
tion of various production parameters and key improvements in the expression
vector, cell line, culture medium could hold the possibility of improving protein
yield (Ansorge et al. 2009).
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(a) Untransfected CHOs. (b) Untransfected CHOs under the
selective conditions.
(c) Transfected CHOs under the se-
lective conditions.
(d) Western blot analysis of the pro-
teins extracted from the CHO cells.
Figure 3.7: CHO Transfection with SLF2-FX-6xHis-
pcDNA3.1/Zeo(+) and protein expression in CHO cells.
a) shows positive control sample ie. Untransfected CHOs. b) Negative
control samples with addition of selective media (containing 600 µg/ml
zeocin). The figure shows the reduced number of cells under the selective
conditions as compared to transfected cells. c) Illustrates the growing
number of successfully transfected cells after the addition of selective
media (containing 600 µg/ml zeocin). d) Western blot analysis of SLF2
expression in CHO cells using Anti-His antibody on PVDF Western
blotting membrane.
3.4.3 Protein expression in mesophyll protoplasts of Arabidopsis
3.4.3.1 Construction of the SLF2-FX-6xHis-pCAMBIA1305.1 plasmid
The pCAMBIA1305.1 vector backbone is derived from the pPZP vector (Haj-
dukiewicz et al. 1994) which is 11846 bp in size. It contains the pUC18 poly-
linker to simplify the choice of cloning enzyme, pVS1 replicon for high stabil-
ity in Agrobacterium, 35 S promoter, kanamycin resistance gene and lacZa for
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Figure 3.8: Circular map of pCAMBIA1305.1vector and the
place of SLF2 FX 6xHis inserted in the multiple cloning site
(MCS) using NdeI and BamHI restriction sites.
blue/white selection of recombinants technique. The SLF2-FX-6xHis-pCAMBIA1-
305.1 was constructed by the digestion of SLF2-pGEM-T-Easy constructs using
double digestion of NdeI and BamHI restriction enzymes whose sites were added
to SLF2 using forward (SLF2 NdeI F) and reverse (SLF2 FX 6xHis BamHI R)
primers (Table 3.2). Digested SLF2 was re-cloned into pCAMBIA1305.1 (Fig.3.8)
and the presence of SLF2 in the construct was checked (Section 3.4.1.1) using
NdeI and BamHI restriction enzymes and M13 standard vector primers in Table
3.2.
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3.4.3.2 SLF2 expression in Arabidopsis mesophyll protoplasts
Plant protoplasts provide a unique cell-based experimental system. DNA, RNA
and proteins can be delivered into the protoplasts through different methods such
as PEG-mediated fusion, electroporation and microinjection (Davey et al. 2005).
When compared to cell culture lines, the use of fresh tissues as protoplast sources is
advantageous (Sheen 2001). The uptake of isolated DNA into protoplasts provides
the basis for transient and stable nuclear transformation (Siemens and Flickinger
2009). Moreover, protoplasts retain their cell identity and show high transfor-
mation efficiency while requiring low maintenance (Sheen 2001). Hence as an
alternative, this study examined Arabidopsis protoplasts as an expression host for
plant derived SLF2 protein.
SLF2 expression was conducted using pCAMBIA1305.1 expression vector as a
6xHis fusion protein with a designed Factor Xa cleavage site before the 6xHis tag
at the C-terminal (Table 3.2). Arabidopsis mesophyll protoplasts were isolated
(Section 3.3.1.3) from 3-5 days old Arabidopsis cells whose cell suspensions stock
were sub-cultured every 7 days in Arabidopsis growth media in 16hrs light to
8hrs dark period. PEG-mediated method was used to transfect a large amount
of SLF2-FX-6xHis-pCAMBIA1305.1 plasmid DNA (30-40 µg) that was prepared
by plasmid maxi-prep method (Section 3.3.3.4), into the healthy and successful
isolated protoplasts shown in Figure 3.9(a). Subsequently the samples were loaded
on the SDS-PAGE and the Western blot technique was applied to confirm the
expression of SLF2 in the protoplasts (Sections 3.3.7.2 and 3.3.8.2) (Fig.3.9(b)).
Despite the successful use of protoplast expression system by other scientist such
as Wu and colleagues (2009), the results indicate a very faint signal on the PVDF
Western blotting membrane at 45 kDa, however no detectable band was observed
on the SDS-PAGE suggesting a very low level of expression of SLF2 protein.
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(a) Isolated Arabidopsis mesophyll protoplasts.
(b) Western blot analysis of the proteins ex-
tracted from the protoplasts.
Figure 3.9: Protein expression in Arabidopsis protoplasts. a)
Protoplasts isolation from Arabidopsis thaliana cell suspension and b)
Western blot analysis of the proteins extracted from the protoplasts.
3.4.4 Cell free (in vitro) protein expression
3.4.4.1 Construction of the SLF2-pIVEX2.3d and SLF2-pIVEX2.4d plas-
mids
The pIVEX (In Vitro EXpression) vectors are specially designed for gene expres-
sion in vitro. These vectors contain an ampicillin resistance gene, T7 promoter
and 6xHis-tag that facilitate high level of expression, detection and purification
of proteins. pIVEX2.3d (3560 bp) contains an un-cleavable 6xHis-tag at the C-
terminal end. pIVEX2.4d (3583 bp) contains a 6xHis-tag at the N-terminal end,
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which is cleavable with Factor Xa. The SLF2-pIVEX2.3d and SLF2-pIVEX2.4d
were constructed by the cloning of SLF2 gene isolated from apple var. Golden
Delicious into pIVEX2.3d using NcoI and SmaI and pIVEX2.4d expression vec-
tor using NotI and SmaI restriction sites, respectively. Finally, constructs were
shown to contain SLF2 (Section 3.4.1.1), for which NcoI, NotI and SmaI restriction
enzymes as well as T7 operator and terminator primers were used (Table 3.2).
3.4.5 Cell free (in vitro) expression of SLF2
To find the best condition for maximum expression per reaction two constructs
of SLF2-pIVEX2.3d and SLF2-pIVEX2.4d (Fig.3.10(a) and 3.10(b)) were used as
templates in concentrations of 5 µg/ml, 8.5 µg/ml and 10 µg/ml along with 0.27%
(v/v) of cell extract and standard reaction mix. Samples were loaded in 1.5 ml
microfuge tubes and incubated at temperatures of 25, 30 and 37 ◦C in an Eppen-
dorf Thermomixer R for 4-12 hrs while shaking at 250 rpm. Following incubation
samples were centrifuged at 10 000×g for 15 minutes and 50 µl of suspension was
mixed with SDS-PAGE sample buffer and the samples were loaded on the SDS-
PAGE and analysed by Western blotting (Sections 3.3.7.2 and 3.3.8.2). With the
incubation time increased from 4 to 12 hrs, the expression of the SLF2 gene was
increased accordingly (data not shown). Figure 3.10(c) illustrates the amount of
expressed proteins in different reactions (combination of DNA concentration and
temperature) after 12 hrs incubation. The result of the optimization shows that
the concentration of 8.5 µg/ml DNA in reaction while incubated at 30 ◦C for
12 hrs yields the best results for the expression of SLF2 in vitro (Fig.3.10(c)).
Nonetheless the in vitro expression system did not meet our priorities due to its
shortcomings such as it being costly and its low protein yield.
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(a) pIVEX2.3d plasmid vector. (b) pIVEX2.4d plasmid vector.
(c) Western blot analysis of the optimization of SLF2 ex-
pression in vitro.
Figure 3.10: RTS pIVEX His-tag, 2nd Generation Vector Set
and optimization of SLF2 expression in vitro. a) pIVEX2.3d and
pIVEX2.4d (b) vectors and the location of SLF2 in multiple cloning site
(MCS). c) Lane A shows protein marker and lanes B-D show 5 µg/ml-1
µg/ml DNA concentration at 25◦C, lanes E-G show 5 µg/ml-1 µg/ml
DNA concentration at 30 ◦C and lanes H-J show 5 µg/ml-1 µg/ml DNA
concentration at 37◦C, respectively.
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3.4.6 Bacterial recombinant protein expression using synthetic gene
constructs
3.4.6.1 SLF2 gene synthesis (SLF2opt)
Gene synthesis was done by GenScript (http://www.genscript.com) after a wide
variety of factors were optimized using OptimumGeneTM algorithm to gener-
ate a single sequence gene that can reach the highest possible level of expression
in E. coli.
The codon usage bias was changed by upgrading the codon adaptation index (CAI)
and the frequency of optimal codons (FOP) for expression in E. coli (Fig.3.11(a)
and 3.11(b)). GC content has been optimized to prolong the half-life of the mRNA
(Fig.3.11(c)). The stem-loop structures, which affect ribosomal binding and sta-
bility of mRNA, were also broken.
Restriction sites (BamHI and XhoI in 5′ and 3′ ends, respectively) were also added
to the optimized sequence of SLF2 (SLF2opt) (Fig.3.12) and it was cloned into
pUC57 vector by EcoRV blunt end ligation (data not shown) for further amplifi-
cation.
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(a) Distribution of codon usage frequency along the length of the gene se-
quence.
(b) The percentage distribution of codons or frequency of optimal codons
(FOP) in computed codon quality groups.
(c) The percentage range of GC content.
Figure 3.11: Parameters were used for SLF2 DNA sequence
synthesis, before (blue) and after (green) optimization. (a) Shows
the distribution of codon usage frequency along the length of the gene
sequence that has been changed from 0.62 to 0.88. (b) The percentage
distribution of codons or frequency of optimal codons (FOP) in computed
codon quality groups. The value of 100 is set for the codon with the
highest usage frequency for a given amino acid in E. coli. This value
changed from 67% to 98% for codons with more than 50% usage frequency
in E. coli after optimization. (c) The percentage range of GC content has
been changed from 38.73% to 47.49% after optimization. Peaks of % GC
content in a 60 bp window have been removed.
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Figure 3.12: DNA alignment of SLF2 sequence before and
after optimization. The codon difference between the original and the
optimized sequences were coloured in red.
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3.4.6.2 Construction of the SLF2opt-pGEX-6P-2 plasmid
The SLF2opt-pGEX-6P-2 was constructed by ligation of SLF2opt that was di-
gested using BamHI and XhoI restriction enzymes from SLF2opt-pUC57 and was
cloned into pGEX-6P-2 with the same restriction sites (Section 3.3.2.8). Ligated
SLF2opt into pGEX-6P2 reaction was transformed into MC1061 competent cells
(Section 3.3.4.1). Finally, the presence of SLF2opt in the construct was checked
(Fig.3.13, Section 3.3.2.6).
Figure 3.13: Circular map of pGEX-6P-2 and the location of
SLF2opt inserted in the multiple cloning site (MCS).
3.4.6.3 SLF2opt expression in E. coli
The SLF2opt was expressed as an N-terminal GST-fusion protein using the pGEX
gene fusion system (Section 3.4.1.2). E. coli C41 (DE) plysS cells were transformed
with SLF2opt-pGEX-6P-2 (Section 3.3.4.1). To determine if the expression of a
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GST-SLF2opt inhibits the growth of E. coli, the bacterial cultures containing
SLF2opt-pGEX-6P-2 was measured for their growth at OD600 every 30 min after
the IPTG induction. No difference was detected between them and the bacte-
rial culture containing only the vector, showing that SLF2opt did not inhibit the
growth of E. coli (data not shown). Bacterial recombinant SLF2opt was screened
(Section 3.4.1.5). An over-expressed protein of approximately 70 kDa size GST-
SLF2opt fusion protein can be seen in the insoluble fraction on the gel which was
confirmed to be GST-SLF2opt fusion protein by SDS-PAGE (Fig.3.14(a)) and
Western-blotting analysis (Fig.3.14(b)).
(a) SDS-PAGE of the total bacterial
lysates.
(b) Western blot analysis of the total
bacterial lysates.
Figure 3.14: The total bacterial lysates for the analysis of
soluble and insoluble fractions of transformed E. coli C41 (DE)
plysS cells with SLF2opt-pGEX-6P-2. The total bacterial lysates
for the analysis of soluble and insoluble fractions of transformed E. coli
C41 (DE) plysS cells with SLF2opt-pGEX-6P-2 loaded on (a) SDS-PAGE
and (b) using Western blot analysis.
3.4.6.4 Overexpression of GST-SLF2opt as soluble protein from previously
insoluble targets
In this study the combination of high salt concentration in growth media and
applying heat -shock before induction was used as a strategy to enhance protein
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solubility. Furthermore, studies have shown that increased cellular concentration
of osmolytes or of chaperones can improve the level of expression of recombinant
proteins in a soluble native form (Oganesyan et al. 2007). Not only native bacterial
chaperones co-expressed with target proteins improve aggregation prevention and
properly assemble disulfide bonds of recombinant proteins, but also the solubility
of some recombinant proteins can be enhanced by applying heat-shock before
induction (Goenka and Rao 2001; Chen et al. 2002; Zhang et al. 2002; Chen et
al. 2003; Liu et al. 2005).
The Dot blot immunoassay was used as a technique for rapid testing of the suitabil-
ity of the parameters for maximum expression of GST-SLF2opt fusion protein in
several E. coli cell lines (Table 3.1) (Section 3.3.8.1). Sixteen different parameters
containing several IPTG concentrations (0.1, 0.25, 0.5 and 1 mM) in combina-
tion with different overnight incubation temperatures (18, 20, 25 and 30 ◦C) were
examined and applied on the transformed cells of BL21, BL21-CodonPlus, C41
(DE3) plysS and C43 (DE3) plysS with SLF2opt-pGEX-6P-2 (Sections 3.3.4.1
and 3.3.8.1) The results of the Dot blot assay shows significant signals for C41
(DE3) plysS and C43 (DE3) plysS cell lines when compared to BL21 and BL21-
CodonPlus cell lines. Furthermore, the most significant signal belongs to C41
(DE3) plysS cells that were induced with 0.1 mM IPTG concentration and incu-
bated at 20 ◦C for overnight growth after applying the heat-shock (Fig.3.15).
For the expression of SLF2opt in a soluble form, transfected cells were grown in
1 L of high salt culture (LB containing 0.5 M NaCl) at 37 ◦C while shaking and
allowed to reach the OD600 ∼ 0.8-1. The heat -shock was applied by incubating
the flasks containing cultures in a pre-warmed water-bath at 47 ◦C for 30 min,
which was followed by transferring the flasks to a 20 ◦C and an overnight induction
by IPTG. This method could produce soluble SLF2opt.
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Figure 3.15: Detection of suitable parameters for GST-
SLF2opt expression in E. coli cell lines using rapid Dot blot
immunoassay. Sixty-four different parameters including IPTG concen-
trations (0.1, 0.25, 0.5 and 1 mM), overnight incubation temperatures
after induction (18, 20, 25 and 30) and different E. coli cell lines (BL21,
BL21-CodonPlus, C41 (DE3) plysS and C43 (DE3) plysS) are analyzed
on PVDF Western blotting membrane using HRP-anti-GST antibody.
3.4.6.5 Cellular localization of soluble GST-SLF2opt
The localization of the GST-SLF2opt in E. coli was analyzed by using osmotic
shock procedure and an anionic detergent (Sarkosyl) and 8 M Urea. GST-SLF2opt
was expressed in E. coli C41 (DE3) plysS while grown in LB containing 0.5 M
NaCl and induced with 0.1 mM IPTG, which resulted in the yield of 10 mg/l of
soluble target proteins in periplasmic, inner membrane and cytoplasmic fractions
measured at A260 (Fig.3.16). However, soluble SLF2opt was expressed in cyto-
plasmic fraction (10% of total SLF2opt, i.e. 1 mg/l), while the bulk of SLF2opt
was present in the form of inclusion bodies.
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Figure 3.16: GST-SLF2opt Recombinant protein cellular
location. Lane A represents marker and lanes B-E illustrate the amount
of GST-SLF2opt in the outer membrane and inclusion bodies (B),
periplasmic (C), inner membrane (D) and cytoplasmic (E) fractions in E.
coli.
3.4.6.6 Large scale expression and purification of recombinant SLF2opt
Fresh plates containing transformed C41 (DE3) plysS colonies with GST-SLF2opt
were used to inoculate 1 L of high salt LB for large-scale expression of recombinant
SLF2opt. Cell lysis and extraction of the GST-SLF2opt fusion proteins from E.
coli cells were carried out as previously explained (Section 3.3.9.3). A regenerated
GST column (Section 3.3.10.1) was used for affinity purification of GST-SLF2opt
recombinant protein (Section 3.3.10.2). Figure 3.17 shows the result obtained
from the elution fractions of GST-SLF2opt on a SDS-PAGE (Section 3.3.7.2).
Lane B, represents the columns eluate, which shows a protein of approximately
70 kDa for GST-SLF2opt fusion protein. The result of the protein purification
shows that fusion protein yield was most efficient using an overnight induction
at 20 ◦C and 0.1 mM IPTG. To release the GST domain from GST-SLF2opt,
PreScission protease was used in a dialysis bag while stirring in 1 L cleavage
buffer at 4 ◦C overnight (Section 3.3.10.3). Following the cleavage, about three
quarter of SLF2opt was precipitated in the absence of the fusion tag in the dialysis
bag (data not shown) and the amount of soluble SLF2opt was decreased from 1
mg/l to 0.25 mg/l. Lane C in Figure 3.17 represents SDS-PAGE of the cleavage
of recombinant GST-SLF2opt, using recombinant 3C protease (Section 3.3.10.3).
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Figure 3.17: PreScissionTM protease cleavage of the GST-
SLF2opt fusion protein. Lane A shows the molecular weight marker,
while lanes B and C show the un-cleaved and cleaved GST-SLF2opt
fusion proteins, respectively.
Two bands are observed in Lane C, corresponding to GST (26.6 kDa) and the
SLF2opt (43 kDa) which is indicative of the complete cleavage of GST-SLF2opt
complex.
3.4.6.7 Recovery of SLF2opt and GST domain removal
The GST domain was separated from SLFopt in the cleaved sample using anion
exchange chromatography with a pre-packed MonoQ 10/100 GL column, running
on an AKTA Chromatography System (GE Healthcare Life Sciences) (Section
3.3.10.2). MonoQ 10/100 GL is a TricornTM high-performance column for high
performance ion exchange chromatography of proteins and other biomolecules us-
ing the AKTA FPLC System. The chromatogram shows (Fig.3.18(a)) a number
of peaks containing SLF2opt as detected by SDS-PAGE (Fig.3.18(b)).
SLF2opt purity was confirmed using samples from different fractions of the chro-
matogram on the SDS-PAGE (Section 3.3.7.2, Fig.3.18(a)). Lane A in Figure
3.18(b) shows marker and lane B represents the GST domain and lanes C-G are
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(a) Chromatogram showing anion exchange chromatogra-
phy of the SLF2opt.
(b) SDS-PAGE of anion exchange fractions for SLF2opt
and GST.
Figure 3.18: Anion exchange purification and SDS-PAGE
of anion exchange fractions for SLF2opt and GST. a) The
chromatogram shows two peaks; a smaller wide peak, corresponding to
SLF2opt and a major peak, corresponding to the GST domain. b) Lane
A shows protein marker, lane B shows GSTs in GST domain peak and
lanes C-G show SLF2opt in different fraction of SLF2opt peak.
representing fractions of the cleaved product. All loaded fractions show purified
SLF2opt (Fig.3.18(b)).
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3.4.7 Summary
Several expression systems were evaluated in this study for their efficiency in ex-
pressing sufficient quantity of the S -locus-F-box-S2 protein (SLF2). Most of these
methods had limitation regarding their yield, cost, and time efficiency. However,
the successful expression of SLF2 was achieved in E. coli using the synthesized
gene. Furthermore, SLF2 was expressed in a soluble form using high salt culture
and heat-shock.
3.5 Conclusion
It is postulated that the lack or slow progress in structural aspects of the Rosaceae
SI may be due to the existing limitations on the expression of SLF/SFB in heterol-
ogous systems. This study further investigates this hypothesis through making an
attempt to express the SLF2 protein, which forms the preliminary basis of any
future structural-based studies. The goal in conducting this work has been to
contribute to the current understanding of the mechanism of SI in Rosaceae with
the foremost aim of investigating and determining the most reliable expression
system for apple var. Golden Delicious SLF2. Thus it is reported here that the
production of an SLF2 protein optimized for expression in an E. coli -based system
is shown to be the most desirable technique for high yield of SLF2.
The successful expression of SLF2 in sufficient quantities for structural and bio-
logical studies is a major breakthrough that sets the scene for future work that
will allow for the experimental validation of the modeling studies undertaken. The
formation of inclusion bodies was solved using a growth condition containing high
salt media, and by applying heat shock before induction of expression. Despite
these improvements, a large proportion of expressed GST-SLF2opt was still in
the inclusion bodies. This necessitates future studies to focus on the optimization
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of the conditions that give the maximum amount of GST-SLF2opt in a soluble
form. Additionally more work needs to be carried out to optimize the purifica-
tion of SLF2, as we encountered protein precipitation was encountered during the
purification steps.
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4.1 Concluding Remarks
Fruit crops are of great economical importance, however various problems are asso-
ciated with their commercial production. Rosaceae includes a range of important
fruit trees most of which have the SRNase-based self-incompatibility (SI), namely
apple, pear, cherry, plum, and almond (Hegedus et al. 2012). To stably produce
these fruits, cross-pollination by artificial means or the use of pollinators such as
bees requires planting compatible pollen donors. This highlights the importance of
studying GSI in Rosaceae fruit trees, with the aim of producing high-quality self-
compatible cultivars or to develop means to target and overcome SI. Furthermore
the results of such studies not only contribute towards the economical aspects but
also provide insight into the evolution of GSI, as the pollen part SI function is
likely to differ among Rosaceae subfamilies i.e. Maloideae and Prunoideae (Sassa
et al. 2010).
The pistil component in Rosaceae, Solanaceae and Plantaginaceae is the SRNase
gene (Roalson and McCubbin 2003). With respect to the pollen component, a
single SLF gene has been identified in Petunia, Antirrhinum and Prunus, whereas
multiple SLF genes have been characterized in Malus/Pyrus and Nicotiana (Lai et
al. 2002; Qiao et al. 2004; Kao and Tsukamoto 2004; Sijacic et al. 2004; Entani et
al. 2003; Ushijima et al. 2003,2004; Vieira et al. 2008b; Sassa et al. 2007; Cheng
et al. 2006). Evolutionary studies on SRNases have implied that the SRNase-
based GSI system is of ancient origin (Igic and Kohn 2001). It is however known
that two different GSI systems exist within the Rosaceae family, namely the self-
recognition by a single factor that is specific to Prunus and the non-self recognition
by multiple factors system observed in Maloideae (Sassa et al. 2010; Tao and Les-
son 2010). This raises the hypothesis that if non-self recognition is the original
system, the SFB might have been allocated as the pollen-S for self-recognition.
On the other hand if the ancestral Rosaceae had a self-recognition system then it
is possible that the single pollen-S gene SFB has been lost, following which SLFs
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were amplified at the S -locus to target non-self SRNases. Therefore the molecular
evolutionary study of Maloideae and Prunoideae S -locus genes would shed light
on the evolutionary history of the SRNase-based GSI of Rosaceae in which non-
self recognition and self-recognitions co-exist. The evolutionary findings of this
study clearly demonstrates the divergence of Maloideae and Prunoideae SRNase
and SLF/SFB by clustering them into two separate branches, thus it is proposed
that the ancestral S -locus genes have undergone a speciation event resulting in
their independent evolution thereafter. This is further supported by the observed
variations in selective pressures among the two lineages (i.e. Prunoideae and Mal-
oideae). To further explain the differences in the observed evolutionary patterns,
there is evidence showing that S -locus genes have undergone duplication (Igic and
Kohn 2001; Vieira et al. 2008a).
The divergence of the two subfamilies was further assessed at the protein level,
by identifying residues involved in the functional divergence of Maloideae and
Prunoideae SRNase and SLF/SFBs. These results provide significantly impor-
tant clues about the amino acids that are critical to functional changes from self-
recognition by a single factor to non-self recognition by multiple factors system
or vice versa. It can therefore be speculated that substitutions at these posi-
tions could affect the functionality of these genes hence influence GSI systems in
Rosaceae.
Furthermore, phylogenetic studies of SLF and SRNase in Solanaceae and Plantag-
inaceae have shown no evidence of co-evolution, with SLF having a much shorter
evolutionary history (Kubo et al. 2010). This is surprising, considering that male
and female genes are directly involved in self/non-self recognition and both are
required to co-evolve in order to maintain GSI (de Nettancourt 1977). The results
of this study in the Maloideae shows that S -locus genes have different evolu-
tionary rates though being co-existed, whereby SRNase has experienced a higher
evolutionary rate compared to SLF/SFB. This could further be explained by the
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existence of multiple SLF/SFB genes (paralogous genes) in the S -locus of Mal-
oideae, suggesting that there is not a single SLF/SFB for every SRNase but instead
several SLF brothers exist that collaborate in caring-out GSI in this Rosaceae sub-
family. Furthermore the results of this study shows a significant difference in the
number of positively selected sites between Maloideae SRNase and SLF/SFB with
the former showing a greater number of these sites. It is expected that positive
Darwinian selection accelerates the fixation of advantageous mutations following
a duplication event allowing for the evolution of new function. Considering this,
a high number of positively selected sites are expected in both S -locus genes to
maintain GSI. Similarly evidence in the Petunia and Solanaceae families has also
shown a few SLF/SFB amino acids under positive selection, which supports the
findings of this study in Maloideae subfamily, signifying that many more S -pollen
SLF gene sequences are needed to determine the number of positively selected
amino acid sites with a high degree of confidence. Furthermore considering that
the SRNase-based GSI is a multigenic system and each SLF/SFB has specificity
for a subset of SRNases, it is expected for a subset of sites to be under positive
selection (Vieira et al. 2009), which further supports the low number of identified
SLF/SFB amino acids under positive selection. Currently Prunus SFBs are the
only pollen-S genes with a large enough number of positively selected sites, which
could be linked to the fact that it contains a monogenic system of SI (Nunes et
al. 2006; Vieira et al. 2008b,c).
The evolutionary findings of this study provide two lines of evidence for the ex-
istence of a collaborative non-self recognition model in Maloideae. Firstly, the
S -locus genes have different evolutionary rates, and secondly the number of pos-
itively selected sites of Maloideae SRNase and SLF/SFB are significantly differ-
ent. Furthermore a number of critical amino acid sites are proposed which have
a direct role in the differentiation between GSI systems in Rosaceae. Further-
more, several lines of evidence have suggested the importance of the HV region as
the most likely site in S -allele-specific pollen recognition. Analysis of Solanaceae
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SRNase sequences has identified two HV regions, namely HVa and HVb (Matton
et al. 1997, 1999), while only one HV region has been characterized in Rosaceous
SRNase (Ishimizu et al. 1998; Norioka et al. 1996). This study has located a
single HV in Malus × domestica Borkh. SRNase and SLF/SFB. Given that the
HV region is considered a recognition site, these residues may have important
roles in the interaction (binding) specificity of S -locus proteins. Furthermore a
co-evolutionary network was drawn for amino acids within the HV region and rest
of the amino acids in S -locus proteins. The knowledge of co-evolving residues
provides a guideline for site-directed-mutagenesis of these proteins.
It is well established that the three-dimensional structure of a protein molecule
is crucial to understanding its function (Perutz et al. 1987). Furthermore sites
that are close in tertiary space may not be close in primary sequence; hence
protein’s 3D structure provides a clearer insight into the location of critical residues
(Berglund et al. 2005). Additionally determining the position of these residues on
the 3D structure allows for identification of surface-exposed amino acids, hence
sites involved in protein binding.
Furthermore modeling the tertiary structure of ancestor proteins and mapping the
identified residues as being critical, provides useful information for rational func-
tion redesign and protein engineering to efficiently target mutations to a specific
part of the protein. Recent advances in the field of computational protein struc-
ture prediction allows for the recreation of inferred ancestral proteins to study
their function. Such techniques provide the opportunity to examine the paths
and the mechanisms of functional changes during the course of evolution, which
holds answers to questions related to speciation and the effect that mating system
trait may have upon it (Chang and Donoghue 2000; Igic et al. 2003). For recon-
struction of the history of incompatibility, we have modeled the ancestral protein
structures of SRNase and SLF/SFB in Malus. Based on the results we determined
the function of SRNase and SLF/SFB ancestor proteins to be very similar to that
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of RNase T2 proteins and F-box proteins involved in the degradation of non-self
SRNases respectively. Based on these findings we infer self-incompatibility to be
ancestral in Malus.
It is known that the specificity in the SI response results from S -haplotype-specific
molecular interaction of SRNase and SLF/SFB. As such understanding the recog-
nition mechanism of SI requires detailed structure-function analysis of the S -locus
proteins. Such structure-function studies require an experimental system that al-
lows efficient in vivo functional analysis of large numbers of SRNase and SLF
sequence variants generated in vitro by site-directed mutagenesis or domain swap-
ping between proteins that determine different SI specificities. However due to
the limitations associated with such studies the computational approach repre-
sents the best alternative. In addressing this we have determined the theoretical
tertiary structures of SRNase, SLF/SFB and their brothers in Malus using an
integrative or hybrid modeling approach.
The results of this study presents several prospects for future investigation by
providing structural insights about the S -locus proteins, hence the GSI function
in Malus. With respect to SRNases and SLF/SFBs the predicted structures can
be classified to function as RNase T2 family and F-BOX/WD-repeat proteins.
Such functional classification was derived based on their structural architecture
and folding homology with known proteins.
As a result this analysis provides a structure-based clue to study SRNase-SLF/SFB
interactions through utilizing docking techniques. The docking analysis confirms
the possibility that the Malus GSI system is controlled by multiple factors in which
the loss of function of one of the multiple pollenS might lead to limited or lack
of any effect on the SI phenotype. Moreover, the deletion of one or more SFBBs
in Malus can possibly lead to the failure of the pollen to recognize SRNase as
non-self, which has already been experimentally recognized in Pyrus (Kakui et al.
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2011). These results further suggest Malus SFBBs to be involved in the detoxifica-
tion of non-self SRNases. Moreover, it was shown that each SLF/SFB and SFBB
interact with a specific set of SRNases, while some of the SRNases did not show
any significant binding with the pollen factors under study. This can be explained
by the fact that more of the pollen-S proteins may be present in the S -locus and
remain to be identified. Thus it would be interesting to experimentally analyze the
functionality of currently known SLF/SFB brothers as elements of pollen-S. With
the knowledge provided by this study about the possible existence of a collabora-
tive non-self recognition model in Malus, this model and other related hypotheses
can further be tested through analysis of loss-of-function mutants of one or more
types of SLF genes. Hence these findings provide the basis for studying the emer-
gence of multiple types of SLF genes, their co-evolution with single SRNase gene,
and the biochemical basis that allows a particular type of SLF to recognize certain
non-self SRNases but not others.
Considering that the pre-requirement of any future functional analysis is the suc-
cessful expression of SLF/SFB and their brothers this study aimed at providing
a protocol whereby several recombinant expression systems are assessed for their
efficiency in expressing adequate amount of protein. In a study on Antirrhinum
(family: Plantaginaceae) Qiao and collogues have shown that the expression of
AhSLF-S2 was only made possible following the separation of the protein into
6xHis-AhSLF-S2-N and 6xHis-AhSLF-S2-C for the pull-down assay (Qiao et al.
2004). Furthermore, Hua and collogues successfully expressed the recombinant
PiSLF and PiSLF-like proteins using 6xHis-T7 tag in BL21-CodonPlus E. coli
in Petunia inflata (family: Solanaceae). However, despite the existing literature
on the expression of SLF from various plant families, no work has been done to
date on the expression of SLF/SFB in Malus. To express the SLF2 gene, it was
successfully amplified from apple var. Golden Delicious. Despite use of several
expression vectors with a number of different constructs, no significant expression
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was observed in E. coli. This lack of expression in E. coli could be due to un-
optimized factors responsible for the efficiency of heterologous protein production
such as biased codon usage and mRNA secondary structure (Rashdy and Redwan
2006; Tolia and Joshua-Tor 2006).
Furthermore, mammalian cell expression systems were investigated as these are
capable of performing the most comprehensive post-translational modications to
secrete glycoproteins that are correctly folded (Gray 2001). Mammalian cell ex-
pression systems are transient expression systems that allow extra-chromosomal
amplification of plasmids and hence permit more plasmid copies to persist in the
transfected cells throughout the production phase leading to a significant increase
in gene expression. Furthermore, large-scale transient expression of recombinant
proteins in mammalian cells has been shown to generate sufficient amounts of
recombinant protein for early production and High-throughput screening (Kuna-
paraju et al. 2005). Moreover, the literature review suggested that no SLF/SFB
expression had been done in any mammalian cell lines to date. The results of this
study proved successful, though only very faint expression of this gene in the CHO
cells were observed. Therefore any further use of the expressed SLF/SFB protein
would require optimization of the technique to improve the transfection procedure
through increasing speed and lowering the costs, all of which can possibly make
mammalian cells more suitable for recombinant SLF/SFB protein expression.
Another system of expression used in this study was the plant protoplast system.
Protoplasts isolated from plants provide useful means for transient expression of
recombinant proteins. Protoplasts retain their cell identity and show high trans-
formation efficiency while requiring low maintenance (Sheen 2001). Despite the
successful use of protoplast expression system by other scientists such as Wu and
colleagues (2009), the results indicated a very faint expression of SLF2 protein.
This study further looked at another method of expression named cell free/in vitro
expression system that can synthesize proteins with high speed and accuracy. The
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results obtain from this analysis suggest a very low levels of expressed protein. The
in vitro system, by eliminating the need to manipulate whole cells in culture is
a suitable technique for automated, highthrouput expression of a large number
of proteins. However the very low productivity i.e. less than 30 µg protein/ml
reaction of this system limits its applicability and make it unfeasible compared to
cell-based systems.
Subsequently the optimization of the E. coli system to express SLF/SFB gene
was considered. To achieve this an artificial gene synthesis optimized for over-
expression in E. coli was employed. Considering that each organism carries its
own bias in the usage of the 61 available codons (Lorimer et al. 2009) in some
cases expression is limited primarily to the initiation of translation (Gustafsson et
al. 2004; Wu et al. 2007a; Kudla et al. 2009; Welch et al. 2009). In addition to
codon bias, mRNA secondary structures are identified which affect the expression
of the encoded proteins (Lorimer et al. 2009). Synthetic gene sequences by codon
engineering is an important strategy for enabling optimal heterologous gene ex-
pression (Stewart and Burgin 2005) through making DNA templates ready to be
expressed in any heterologous host (Maerkl 2010). This method proved to signifi-
cantly contribute towards the expression of SLF/SFB in E. coli. As such it may be
deduced that among the expression systems under study artificial gene synthesis
optimized for over-expression in E. coli provides the best technique for the opti-
mal expression of SLF/SFB and may further be used in future structural studies.
However, the protocols provided for the mammalian, Arabidopsis protoplast and
in vitro expression systems may also be used for studies with low protein yield re-
quirement such as co-immunoprecipitation studies and single-molecule pull-down
assays.
In conclusion, tremendous progress has been made in understanding the mecha-
nism of GSI in plants. Despite such advances many more questions are raised and
remain to be answered. The results of this work provide the basis to help answer
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questions such as how multiple SLF genes at the S -locus have co-evolved with a
single SRNase gene to maintain SI? What is the justification behind the use of a
single SRNase (with high allelic sequence diversity) and multiple SLF gene (with
low allelic sequence diversity)? Is SRNase responsible for driving the evolution of
SLF gene? How many SLF genes are there? In addition, have Maloideae species
evolved such that a large number of genes are employed to prevent inbreeding?
Therefore results presented in this work serve as important guidelines for more
specific and targeted experimental studies, the outcome of which will help shed
light on various aspects of self-incompatibility in Malus and consequently the
Rosaceae family.
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Table A.1: Sequence information and GenBank accession numbers for
taxa included in the molecular evolution and phylogenetic analyses of
the Rosaceae’s SRNase.
Taxa Organism S-allel Accession No.
Md S1 Malus × domestica Borkh. Sf D50837
Md S2 Malus × domestica Borkh. S2 U12199
Md S3 Malus × domestica Borkh. S3 U12200
Md S4 Malus × domestica Borkh. S4 AF327223
Md S5 Malus × domestica Borkh. S5 U19791
Md S7 Malus × domestica Borkh. S7 U19792
Md S9 Malus × domestica Borkh. S9 U19793
Md S10 Malus × domestica Borkh. S10 AB428428
Md S16 Malus × domestica Borkh. S16a AB428429
Md S20 Malus × domestica Borkh. Sg AB019184
Md S23 Malus × domestica Borkh. S10 AF239809
Md S24 Malus × domestica Borkh. S24 AF016920
Md S25 Malus × domestica Borkh. S25 AB428431
Md S26 Malus × domestica Borkh. S26 AF016918
Md S28 Malus × domestica Borkh. S28 AF1748
Md S29 Malus × domestica Borkh. S29 AY039702
Md S30 Malus transitoria St AB035928
Md S31 Malus × domestica Borkh. S31 DQ135990
PyB S16 Pyrus bretschneideri S16 DQ991388
PyB S21 Pyrus bretschneideri S21 DQ494532
PyC S3 Pyrus communis Sk AB236432
PyC S5 Pyrus communis Sa AB236430
PyC S6 Pyrus communis Si AB258361
PyC S7 Pyrus communis Sh AB236431
PyC S11 Pyrus communis Ss AB258365
PyC S12 Pyrus communis Sq AB236424
PyC S14 Pyrus communis Sc AB258359
PyC So Pyrus communis So AY261994
PyC Sr Pyrus communis Sr AB236426
PyP S3 Pyrus pyrifolia S3 AB002140
PyP S5 Pyrus pyrifolia S5 AB002141
PyP S6 Pyrus pyrifolia S6 AB002142
PyP S8 Pyrus pyrifolia S8 AB104908
PyP S9 Pyrus pyrifolia S9 AB104909
PrAr S1 Prunus armeniaca S1 AY587561
PrAr S2 Prunus armeniaca S2 AY587562
PrAr S4 Prunus armeniaca S4 AY587564
PrAr S10 Prunus armeniaca S10 AY864825
PrAv S3 Prunus avium S3 AJ298312
PrAv S5 Prunus avium S5 AJ298314
PrAv S23 Prunus avium S23 AY259114
PrAv S27 Prunus avium S27 DQ266439
PrAv S28 Prunus avium S28 DQ266440
PrAv S30 Prunus avium S30 DQ266442
PrAv S31 Prunus avium S31 DQ266443
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Table A.1 ... Continued
Taxa Organism S-allel Accession No.
PrCe Sa Prunus cerasus Sa AB050393
PrDu S1 Prunus dulcis S1 AF149039
PrDu S3 Prunus dulcis S3 AF490505
PrDu S4 Prunus dulcis S4 AF490506
PrDu S6 Prunus dulcis S6 AM231657
PrDu S9 Prunus dulcis S9 AF454001
PrDu S10 Prunus dulcis S10 AF454003
PrDu S11 Prunus dulcis S11 DQ437650
PrDu S13 Prunus dulcis S13 EU095947
PrDu S23 Prunus dulcis S23 AB488496
PrDu S30 Prunus dulcis S30 AY876939
PrDu S63 Prunus dulcis S63 AY613919
PrDu Sa Prunus dulcis Sa AB026836
PrDu Sd Prunus dulcis Sd AB011471
PrDu Si Prunus dulcis Si AF267512
PrDu Sj Prunus dulcis Sj AF267513
PrDu Sk Prunus dulcis Sk AF267511
PrDu Sn Prunus dulcis Sn DQ093825
PrMu S1 Prunus mume S1 AB101438
PrSp S7 Prunus spinosa S-7-1 DQ677586
PrSp S9 Prunus spinosa S9 DQ677588
PrSp S15 Prunus spinosa S15 EF636468
PrSp S16 Prunus spinosa S16 EF636469
PrSp S19 Prunus spinosa S19 EF636470
PrSp S24 Prunus spinosa S24 EF636471
PrSa Sb Prunus salicina Sb AB026982
PrSa Sc Prunus salicina Sc AB084102
PrSa Sd Prunus salicina Sd AB084103
Ph S1 Petunia hybrida S1 U07362
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Table A.2: Sequence information and GenBank accession numbers for
taxa included in the molecular evolution and phylogenetic analyses of the
Rosaceae’s SLF/SFB.
Taxa Organism S-allel Accession No.
Md SLF1 Malus × domestica Borkh. SLF1 DQ422810
Md SLF2 Malus × domestica Borkh. SLF2 DQ422811
Md SLFB9 Malus × domestica Borkh. SLFB9 FJ610153
PyC SFB101 Pyrus communis SFB101 EU247103
PyC SFB103 Pyrus communis SFB103 EU247104
PyC SFB104 Pyrus communis SFB104 EU247107
PyC SFB115 Pyrus communis SFB115 EU247106
PyC SFB107 Pyrus communis SFB107 EU247108
PyC SFB108 Pyrus communis SFB108 EU247794
PrAr SFB8 Prunus armeniaca SFB8 EU652883
PrAr SFB11 Prunus armeniaca SFB11 EU652884
PrAr SFB23 Prunus armeniaca SFB23 EU652886
PrAv SFB1 Prunus avium SFB1 AB111518
PrAv SFB2 Prunus avium SFB2 AY805049
PrAv SFB4 Prunus avium SFB4 AB111521
PrAv SFB6 Prunus avium SFB6 AY805051
PrAv SFB7 Prunus avium SFB7 EU035976
PrCe SFB1 Prunus cerasus SFB1 DQ827715
PrCe SFB9 Prunus cerasus SFB9 DQ827717
PrCe SFB26 Prunus cerasus SFB26 EU035977
PrCe SFB34 Prunus cerasus SFB34 EU054329
PrCe SFB35 Prunus cerasus SFB35 EU054330
PrDu SFB1 Prunus dulcis SLF1 DQ099896
PrDu SFB7 Prunus dulcis SFB7 FJ514936
PrDu SFBa Prunus dulcis SFBa FJ362524
PrDu SFBb Prunus dulcis SFBb AB092967
PrDu SFBc Prunus dulcis SFBc AB079776
PrDu SFBf Prunus dulcis SFBf EU310402
PrDu SFBg Prunus dulcis SFBg FJ415321
PrDu SFBk Prunus dulcis SFBk AB252408
PrDu SFBx Prunus dulcis SFBx FJ362526
PrMu SLF1 Prunus mume SLF1 AB092621
PrMu SFB3 Prunus mume SFB3 AB376968
PrMu SLF9 Prunus mume SLF9 AB092645
PrPs SFB1 Prunus pseudocerasus SFB1 EU253963
PrPs SFB5 Prunus pseudocerasus SFB5 EU253964
PrTe SFB8 Prunus tenella SFB8 DQ983369
PrSa SFB10 Prunus salicina SFB10 DQ849090
PrSa SFBa Prunus salicina SFBa AB252410
PrSa SFBc Prunus salicina SFBc AB280792
PrSa SFBg Prunus salicina SFBg DQ989579
Pi SLF1 Petunia integrifolia SLF1 AY500390
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Appendix C. Threading Alignments 235
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Appendix C. Threading Alignments 236
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Appendix C. Threading Alignments 237
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Appendix C. Threading Alignments 238
SA
M 
T9
9
  
  
  
  
1i
yb
A
 3
0
 9
8
  
4.
82
 
FD
FF
YF
VQ
QW
PG
SY
CD
TK
QS
CC
YP
KP
AS
DF
GI
HG
LW
PN
NN
DG
SY
PS
NC
DN
SP
YD
QS
QV
SD
LI
SR
MQ
QN
WP
TL
AC
SG
TG
SA
FW
SH
EW
EK
HG
TC
AE
NV
F-
DQ
HG
YF
KK
AL
DL
--
KN
QI
NL
LE
IL
QG
AG
IH
PD
GG
FY
SL
NS
IK
NA
IR
SA
I-
GY
AP
GI
EC
NV
DE
SG
NS
QL
YQ
IY
IC
VD
GS
GS
NL
IE
CP
IF
PR
GK
CG
SS
IE
FP
TF
MU
ST
ER
  
  
  
  
1b
k7
A
 3
2
 9
4
  
4.
28
 
FD
SF
WF
VQ
QW
PP
AV
CS
FQ
KS
SC
PG
SG
LR
TF
TI
HG
LW
PQ
Q-
SG
TS
LT
NC
PG
SP
FD
IT
KI
SH
LQ
SQ
LN
TL
WP
NV
LR
-A
NN
QQ
FW
SH
EW
TK
HG
TC
SE
ST
F-
NQ
AA
YF
KL
AV
DM
RN
N-
--
DI
IG
AL
RP
HA
AG
PN
GR
TK
SR
QA
IK
GF
LK
AK
F-
GK
FP
GL
RC
RT
DP
QT
VS
YL
VQ
VV
AC
FA
QD
GS
TL
ID
CT
RD
--
--
--
TC
GA
NF
IF
HH
SE
AR
CH
1i
yb
A
 3
1
 9
6
  
4.
77
 
FD
FF
YF
VQ
QW
PG
SY
CD
TK
QS
CC
YP
KP
AS
DF
GI
HG
LW
PN
NN
DG
SY
PS
NC
DN
SP
YD
QS
QV
SD
LI
SR
MQ
QN
WP
TL
AC
PG
TG
SA
FW
SH
EW
EK
HG
TC
AE
NV
-F
DQ
HG
YF
KK
A-
-L
DL
KN
QI
NL
LE
IL
QG
AG
IH
PD
GG
FY
SL
NS
IK
NA
IR
SA
IG
-Y
AP
GI
EC
NV
DE
SG
NS
QL
YQ
IY
IC
VD
GS
GS
NL
IE
CP
IF
P-
--
RG
KC
GS
SI
E-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
 %
co
v 
  
 N
or
m.
  
  
  
 S
ec
.S
t
CC
SS
SS
SS
SC
CH
HH
HC
CC
CC
CC
CC
CC
CC
CS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
HH
HH
HH
HH
HH
CC
CC
CC
CC
CC
CH
HH
HH
HH
CH
CS
SS
SS
CC
CC
CC
HH
HH
HH
HH
HH
HH
HH
HH
CC
HH
HH
HH
HC
CC
CC
CC
CC
CC
HH
HH
HH
HH
HH
HH
CC
CC
CS
SS
SS
SC
CC
CS
SS
SS
SS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
 Z
-s
co
re
  
  
 S
30
-R
Na
se
  
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
SM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EP
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IT
KK
QN
VS
EI
LS
KA
KI
EP
DG
KK
RT
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GR
MT
EL
VE
VT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HF
CP
TN
NI
KY
MU
ST
ER
  
  
  
  
1i
qq
A
 9
5
 1
00
  
5.
09
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EH
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IS
KK
QN
VS
RI
LS
KA
KI
EP
DG
KK
RA
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GT
TT
EL
VE
IT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HY
CP
TN
NI
KY
HH
SE
AR
CH
1i
qq
A
 9
5
 9
9
  
5.
63
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EH
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IS
KK
QN
VS
RI
LS
KA
KI
EP
DG
KK
RA
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GT
TT
EL
VE
IT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HY
CP
TN
NI
K-
SP
3
  
  
  
  
1i
qq
A
 9
5
 1
00
  
5.
53
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EH
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IS
KK
QN
VS
RI
LS
KA
KI
EP
DG
KK
RA
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GT
TT
EL
VE
IT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HY
CP
TN
NI
KY
PR
OS
PE
CT
2
1i
qq
A
 9
5
 1
00
  
5.
26
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EH
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IS
KK
QN
VS
RI
LS
KA
KI
EP
DG
KK
RA
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GT
TT
EL
VE
IT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HY
CP
TN
NI
KY
PP
A-
I
  
  
  
  
1i
qq
A
 9
5
 1
00
  
4.
96
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EH
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IS
KK
QN
VS
RI
LS
KA
KI
EP
DG
KK
RA
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GT
TT
EL
VE
IT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HY
CP
TN
NI
KY
HH
SE
AR
CH
 I
1i
qq
A
 9
5
 1
00
  
4.
67
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EH
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IS
KK
QN
VS
RI
LS
KA
KI
EP
DG
KK
RA
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GT
TT
EL
VE
IT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HY
CP
TN
NI
KY
SP
AR
KS
 
  
  
  
  
1i
qq
A
 9
5
 1
00
  
5.
55
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
EK
LL
EH
QL
EI
IW
PN
VF
DR
TK
NN
LF
WD
KE
WM
KH
GS
CG
YP
TI
DN
EN
HY
FE
TV
IK
MY
IS
KK
QN
VS
RI
LS
KA
KI
EP
DG
KK
RA
LL
DI
EN
AI
RN
GA
DN
KK
PK
LK
CQ
KK
GT
TT
EL
VE
IT
LC
SD
KS
GE
HF
ID
CP
HP
FE
PI
SP
HY
CP
TN
NI
KY
SA
M 
T9
9 
 
1i
yb
A
 3
0
 9
5
  
4.
77
 
FD
FF
YF
VQ
QW
PG
SY
CD
TK
QS
CC
YP
KP
AS
DF
GI
HG
LW
PN
NN
DG
SY
PS
NC
NS
PY
DQ
SQ
VS
DL
IS
RM
QQ
NW
PT
LA
CS
GT
GS
AF
WS
HE
WE
KH
GT
CA
EN
-V
FD
QH
GY
FK
KA
LD
L-
-K
NQ
IN
LL
EI
LQ
GA
GI
HP
DG
GF
YS
LN
SI
KN
AI
RS
AI
-G
YA
PG
IE
CN
VD
ES
GS
QL
YQ
IY
IC
VD
GS
GS
NL
IE
CP
IF
PR
G-
--
-K
CG
SS
-I
EF
MU
ST
ER
  
  
  
  
1b
k7
A
 3
2
 9
3
  
4.
05
 
FD
SF
WF
VQ
QW
PP
AV
CS
FQ
KS
SC
PG
SG
LR
TF
TI
HG
LW
PQ
Q-
SG
TS
LT
NC
PG
SP
DI
TK
IS
HL
QS
QL
NT
LW
PN
VL
-R
AN
NQ
QF
WS
HE
WT
KH
GT
CS
ES
TF
-N
QA
AY
FK
LA
VD
MR
NN
--
-D
II
GA
LR
PH
AA
GP
NG
RT
KS
RQ
AI
KG
FL
KA
KF
-G
KF
PG
LR
CR
TD
PK
VS
YL
VQ
VV
AC
FA
QD
GS
TL
ID
CT
RD
--
--
--
-T
CG
AN
-F
IF
HH
SE
AR
CH
  
  
  
  
1i
oo
A
 2
4
 9
3
  
4.
74
 
FE
YL
QL
VL
TW
PA
SF
CY
AN
H-
-C
ER
IA
PN
NF
TI
HG
LW
PD
NV
KT
RL
HN
CK
PK
PT
YS
YF
TG
KM
LN
DL
DK
HW
MQ
LK
FE
QT
EQ
PS
WK
YQ
YI
KH
GS
CC
QK
RY
-N
QN
TY
FG
LA
L-
-R
LK
DK
FD
LL
RT
LQ
TH
RI
IP
G-
SS
YT
FQ
DI
FD
AI
KT
V-
SQ
EN
PD
IK
CA
EV
TG
TP
EL
YE
IG
IC
FT
PN
AD
SM
FR
CP
QS
--
--
--
DT
CD
KT
AV
L-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
 %
co
v 
  
 N
or
m.
  
  
  
 S
ec
.S
t
CC
SS
SS
SS
SC
CC
HH
HC
CC
CC
CC
CC
CC
CC
CS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
HH
HH
HH
HH
HH
HH
HH
HH
HC
CC
CC
HH
HH
HH
HH
HH
CC
CC
CC
CC
CC
CH
HH
HH
HH
HH
HH
HH
CC
CC
CH
HH
HH
HH
CC
CC
CC
CC
SS
SH
HH
HH
HH
HH
HH
HC
CC
CC
CS
SS
SS
CC
CC
CS
SS
SS
SS
SS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
 Z
-s
co
re
  
  
 S
31
-R
Na
se
  
FD
YY
QF
TQ
QY
QP
AA
CN
SN
PT
PC
KD
PP
DK
LF
TV
HG
LW
PS
DS
NG
ND
PK
YC
KA
PP
YQ
TM
KI
LE
PQ
LV
II
WP
NV
LN
RN
DH
EV
FW
RK
QW
DK
HG
SC
AS
SP
IQ
NQ
TH
YF
DT
VI
KM
YT
TQ
KQ
NV
SE
IL
SK
AN
IK
PG
RK
SR
RL
VD
IE
NA
IR
NV
TN
NM
TP
KF
KC
QK
NT
RT
SL
TE
LV
EV
GL
CS
DS
NL
TQ
FI
NC
PR
PF
PQ
GS
RY
FC
PT
NI
QY
MU
ST
ER
  
  
  
  
1i
qq
A
 6
1
 9
9
 4
.6
6
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
KL
LE
HQ
LE
II
WP
NV
FD
RT
KN
NL
FW
DK
EW
MK
HG
SC
GY
PT
ID
NE
NH
YF
ET
VI
KM
YI
SK
KQ
NV
SR
IL
SK
AK
IE
PD
GK
KR
AL
LD
IE
NA
IR
NG
AD
NK
KP
KL
KC
QK
KG
--
TT
TE
LV
EI
TL
CS
DK
SG
EH
FI
DC
PH
PF
EP
IS
PH
YC
PT
NI
KY
HH
SE
AR
CH
1i
qq
A
 6
0
 9
8
 5
.2
5
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
RE
KL
LE
HQ
LE
II
WP
NV
FD
RT
KN
NL
FW
DK
EW
MK
HG
SC
GY
PT
ID
NE
NH
YF
ET
VI
KM
YI
SK
KQ
NV
SR
IL
SK
AK
IE
PD
GK
KR
AL
LD
IE
NA
IR
NG
AD
NK
KP
KL
KC
QK
KG
--
TT
TE
LV
EI
TL
CS
DK
SG
EH
FI
DC
PH
PF
EP
IS
PH
YC
PT
NI
K-
SP
3
  
  
  
  
1i
qq
A
 6
1
 9
9
 5
.2
5
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
KL
LE
HQ
LE
II
WP
NV
FD
RT
KN
NL
FW
DK
EW
MK
HG
SC
GY
PT
ID
NE
NH
YF
ET
VI
KM
YI
SK
KQ
NV
SR
IL
SK
AK
IE
PD
GK
KR
AL
LD
IE
NA
IR
NG
AD
NK
KP
KL
KC
QK
K-
-G
TT
TE
LV
EI
TL
CS
DK
SG
EH
FI
DC
PH
PF
EP
IS
PH
YC
PT
NI
KY
PR
OS
PE
CT
2
1i
qq
A
 6
1
 9
9
 4
.9
4
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
KL
LE
HQ
LE
II
WP
NV
FD
RT
KN
NL
FW
DK
EW
MK
HG
SC
GY
PT
ID
NE
NH
YF
ET
VI
KM
YI
SK
KQ
NV
SR
IL
SK
AK
IE
PD
GK
KR
AL
LD
IE
NA
IR
NG
AD
NK
KP
KL
KC
QK
KG
--
TT
TE
LV
EI
TL
CS
DK
SG
EH
FI
DC
PH
PF
EP
IS
PH
YC
PT
NI
KY
PP
A-
I
  
  
  
  
1i
qq
A
 6
1
 9
9
 4
.2
3
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
KL
LE
HQ
LE
II
WP
NV
FD
RT
KN
NL
FW
DK
EW
MK
HG
SC
GY
PT
ID
NE
NH
YF
ET
VI
KM
YI
SK
KQ
NV
SR
IL
SK
AK
IE
PD
GK
KR
AL
LD
IE
NA
IR
NG
AD
NK
KP
KL
KC
QK
KG
--
TT
TE
LV
EI
TL
CS
DK
SG
EH
FI
DC
PH
PF
EP
IS
PH
YC
PT
NI
KY
HH
SE
AR
CH
 I
1i
qq
A
 6
1
 9
9
 4
.4
4
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
RK
RE
KL
LE
HQ
LE
II
WP
NV
FD
RT
KN
NL
FW
DK
EW
MK
HG
SC
GY
PT
ID
NE
NH
YF
ET
VI
KM
YI
SK
KQ
NV
SR
IL
SK
AK
IE
PD
GK
KR
AL
LD
IE
NA
IR
NG
AD
NK
KP
KL
KC
QK
KG
T-
-T
TE
LV
EI
TL
CS
DK
SG
EH
FI
DC
PH
PF
EP
IS
PH
YC
PT
NI
KY
SP
AR
KS
  
  
  
  
1i
qq
A
 6
1
 9
9
 5
.1
3
 
YD
YF
QF
TQ
QY
QL
AV
CN
SN
RT
LC
KD
PP
DK
LF
TV
HG
LW
PS
NM
VG
PD
PS
KC
PI
KN
IR
KR
KL
LE
HQ
LE
II
WP
NV
FD
RT
KN
NL
FW
DK
EW
MK
HG
SC
GY
PT
ID
NE
NH
YF
ET
VI
KM
YI
SK
KQ
NV
SR
IL
SK
AK
IE
PD
GK
KR
AL
LD
IE
NA
IR
NG
AD
NK
KP
KL
KC
QK
KG
--
TT
TE
LV
EI
TL
CS
DK
SG
EH
FI
DC
PH
PF
EP
IS
PH
YC
PT
NI
KY
SA
M 
T9
9
  
  
  
  
1i
yb
A
 3
0
 9
6
 4
.6
3
 
FD
FF
YF
VQ
QW
PG
SY
CD
TK
QS
CC
YP
KP
AS
DF
GI
HG
LW
PN
NN
DG
SY
PS
NC
DS
NS
PY
QV
SD
LI
SR
MQ
QN
WP
TL
AC
SG
TG
SA
FW
SH
EW
EK
HG
TC
AE
N-
VF
DQ
HG
YF
KK
AL
DL
--
KN
QI
NL
LE
IL
QG
AG
IH
PD
GG
FY
SL
NS
IK
NA
IR
SA
I-
GY
AP
GI
EC
NV
D-
ES
GN
SQ
LY
QI
YI
CV
DG
SG
SN
LI
EC
PI
PR
GC
GS
SI
EF
PT
F-
--
MU
ST
ER
  
  
  
  
1b
k7
A
 3
0
 9
4
 4
.2
0
 
FD
SF
WF
VQ
QW
PP
AV
CS
FQ
KS
SC
PG
SG
LR
TF
TI
HG
LW
PQ
Q-
SG
TS
LT
NC
PG
SP
FD
KI
SH
LQ
SQ
LN
TL
WP
NV
L-
RA
NN
QQ
FW
SH
EW
TK
HG
TC
SE
ST
F-
NQ
AA
YF
KL
AV
DM
RN
--
NY
DI
IG
AL
RP
HA
AG
PN
GR
TK
SR
QA
IK
GF
LK
AK
FG
-K
FP
GL
RC
RT
DP
QT
KV
SY
LV
QV
VA
CF
AQ
DG
ST
LI
DC
TR
D-
--
--
--
TC
GA
NF
IF
HH
SE
AR
CH
1u
cd
A
 3
0
 9
3
 4
.7
9
 
FD
SF
WF
VQ
QW
PP
AV
CS
FQ
KS
SC
PG
SG
LR
TF
TI
HG
LW
PQ
QS
-G
TS
LT
NC
PG
SP
FD
IT
SH
LQ
SQ
LN
TL
WP
NV
LR
A-
NN
QQ
FW
SH
EW
TK
HG
TC
SE
ST
-F
NQ
AA
YF
KL
AV
DM
--
RN
NY
DI
IG
AL
RP
HA
AG
PN
GR
TK
SR
QA
IK
GF
LK
AK
FG
-K
FP
GL
RC
RT
DP
QT
KV
SY
LV
QV
VA
CF
AQ
DG
ST
LI
DC
TR
--
--
--
-D
TC
GA
NF
I-
   
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
 %
co
v 
  
 N
or
m.
  
  
  
 S
ec
.S
t
CC
CC
CC
CC
CC
HH
HH
HH
HH
HH
CC
HH
HH
HH
HH
HH
HH
HH
HH
HC
CC
HH
HH
HH
HH
HH
CC
CC
CC
CC
CC
SS
SS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SC
CC
CC
SS
SS
SS
CC
CS
SS
SC
CH
CC
CS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CS
SS
SS
SC
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
 Z
-s
co
re
  
  
 S
LF
B3
  
  
  
MT
QV
RE
SE
TP
EV
RV
AE
IL
SR
LP
PK
SL
MR
FK
CI
RK
SW
CT
AI
NN
PS
FT
AK
HL
SN
SV
DN
KF
SS
ST
CI
LL
HR
SH
MP
VF
PD
RS
WK
RE
YF
WS
MI
NL
SH
DS
DE
HN
LY
YD
VE
DL
NI
QF
PL
ED
HD
LV
SV
HG
YC
NG
IV
CL
IV
GK
HA
VL
YN
PA
TR
EL
KQ
LP
DS
CL
LL
PS
PP
KG
KF
EL
ES
SF
QG
MG
FG
YD
SK
AK
EY
KV
VK
II
EN
CE
YS
DY
ER
MU
ST
ER
  
  
  
  
2j
kb
A
 1
4
 8
5
 0
.9
1
 
FQ
LI
FQ
SG
--
DS
TQ
AN
YF
-R
IP
--
TL
YT
LS
--
--
--
-R
VL
--
--
SI
DA
RY
GG
TH
DS
KS
KI
NI
AT
SY
SD
DN
GK
TW
S-
--
-E
PI
FA
MK
FN
DY
EE
QL
VY
WP
RD
NK
LK
NS
QI
SG
SA
SF
ID
SS
IV
ED
KK
SG
LL
AD
VM
PA
GI
GN
NN
AN
TN
YI
AM
TE
SW
EQ
FK
LL
PP
FL
GE
KH
NG
TY
LC
PG
QG
LA
LK
SS
NR
LI
FA
TY
TS
GE
--
--
--
HH
SE
AR
CH
2e
31
A
 0
9
 5
8
 3
.1
5
 
-A
VE
YL
AE
LP
EP
LL
LR
VL
AE
LP
AT
EL
VA
CR
LV
CL
RW
KE
LV
DG
AP
LW
LL
KC
QQ
EG
LV
PE
--
--
--
--
--
--
--
--
--
-E
RD
HW
QQ
FY
FL
S-
--
--
--
-K
RR
RN
LL
R-
-N
PC
GE
ED
LE
GW
SD
--
--
--
--
--
--
--
--
-V
EH
GG
DG
WK
VE
EL
PG
DN
GV
EF
TQ
DD
--
SV
K-
--
KY
FA
SS
FE
--
--
WC
R-
--
--
--
--
--
--
--
SP
3
  
  
  
  
2o
vp
B
 2
2
 9
6
 1
.8
8
 
QF
QR
DI
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
LH
I-
--
--
--
--
--
KV
IK
PG
FI
HS
PW
KS
AY
IR
QH
RI
DT
NW
RR
GE
LK
SP
KV
LK
GH
DD
HV
IT
CL
QF
CG
NR
IV
SG
SD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
--
TL
VG
HT
GG
VW
SS
QM
RD
NI
II
SG
ST
DR
TE
TG
EC
IH
TL
YG
HT
ST
VR
CM
PR
OS
PE
CT
2
1q
fm
A
 1
6
 9
3
 2
.0
2
 
ML
SF
QY
PD
VY
RD
ET
AA
WL
ED
PD
SE
QT
KA
FV
EA
QN
KI
TV
PF
LE
QP
IR
GL
YK
ER
MT
EL
YD
YP
KY
SC
HF
KK
GK
RY
FY
FY
NT
GL
QN
QR
VL
YV
Q-
--
DS
LE
GE
AR
VF
LD
PN
IL
SD
DG
TV
AL
RG
YA
FS
ED
GE
YF
AY
GL
WV
TI
KF
MK
VD
GA
KE
LP
DV
--
--
--
--
--
--
--
--
--
--
LE
RV
KF
SM
AW
TH
DG
KG
MF
YN
AY
PQ
QD
GK
SD
PP
A-
I
  
  
  
  
3f
w0
A
 1
4
 7
8
 0
.8
0
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-H
HH
HH
HD
FH
VE
EE
LD
WP
GV
YL
LP
GQ
VS
GV
AL
DS
KN
NL
VI
FH
RG
DH
VW
DG
NS
FD
SK
FV
YQ
QR
GL
GP
IE
ED
TI
LV
ID
PN
NA
EI
LQ
SS
GK
NL
GL
SI
DT
DG
NY
WV
TD
VA
LH
QV
FK
LD
PH
SK
EG
PL
SM
QP
GS
DQ
NH
FC
QP
TD
VA
VE
PS
TG
A-
--
VF
VS
DG
YC
NS
RI
VQ
HH
SE
AR
CH
 I
2u
vk
A
 1
6
 6
3
 1
.8
9
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
SV
L-
-P
ET
PV
PF
KS
--
--
GT
GA
ID
ND
TV
YI
GL
GT
AW
YK
LD
TQ
AK
KW
TA
LA
AF
PG
-G
P-
--
--
R-
-D
QA
TS
AF
I-
--
--
--
-D
G-
NL
YV
FG
GI
GK
NS
E-
--
SP
AR
KS
  
  
  
  
2o
vp
B
 2
2
 9
6
 1
.6
2
 
MM
QV
IE
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
--
--
--
--
--
-L
HI
KV
IK
PG
FI
HS
PW
KS
AY
IR
QH
RI
DT
NW
RR
GE
LK
SP
KV
LK
GH
DD
HV
IT
CL
QF
CG
NR
IV
SG
SD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
TL
VG
HT
GG
VW
SS
QM
RD
NI
II
SG
S-
TD
RN
AE
TG
EC
IH
TL
YG
HT
ST
VR
CM
SA
M 
T9
9
  
  
  
  
1p
22
A
 0
5
 2
1
 1
.0
7
 
--
--
--
--
--
DH
IA
EN
IL
SY
LD
AK
SL
CA
AE
LV
CK
EW
YR
VT
SD
GM
--
--
--
-L
WK
KL
--
--
IE
RM
VR
TD
SL
WR
--
--
--
--
--
--
--
--
--
--
--
--
-G
LA
ER
RG
WG
QY
LF
PP
NS
F-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-Y
RA
LY
PK
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
MU
ST
ER
  
  
  
  
2b
wr
A
 1
6
 9
0
 0
.9
0
 
SV
VV
IS
QA
LP
VP
TV
AD
LV
GF
GN
-G
GV
YI
IR
--
--
--
NS
LL
IQ
VV
KV
IN
NF
GY
DA
GG
WR
VE
KH
VR
LL
AD
TT
GD
NQ
SD
GF
GE
NG
VW
IS
TN
NG
NN
TF
VD
PP
KM
VL
AN
FA
YA
AG
GW
RV
EK
HI
RF
MA
DL
RK
IV
GF
GD
GG
IY
IS
RN
NG
GG
QF
--
--
AP
AQ
LA
LN
NF
GY
AQ
GW
RL
DR
HL
RF
LA
DV
TG
DG
LL
DV
VG
FG
EN
QV
YI
AR
NS
HH
SE
AR
CH
3m
ks
A
 2
2
 8
6
 1
.8
3
 
LK
RD
LI
TS
LP
FE
IS
LK
IF
NY
LQ
FE
DI
IN
SL
GV
SQ
NW
NK
II
RS
TS
LW
KK
LL
IS
EN
FV
SP
VP
QR
TT
LR
GH
MT
SV
IT
CL
QF
-E
DN
YV
IT
--
--
GA
DD
KM
IR
VY
DS
IN
KK
LL
QL
SG
HD
GG
VW
AL
KY
AH
GG
IV
SG
ST
DR
TV
RV
WD
IK
KG
CC
TH
VF
EG
HN
ST
VR
CL
DI
VE
YK
NI
KY
I-
VT
GS
--
--
--
--
--
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
22
0 
  
  
  
  
  
  
  
  
24
0 
  
  
  
  
  
  
  
  
26
0 
  
  
  
  
  
  
  
  
28
0 
  
  
  
  
  
  
  
  
30
0 
  
  
  
  
  
  
  
  
32
0 
  
  
  
  
  
  
  
  
34
0 
  
  
  
  
  
  
  
  
36
0 
  
  
  
  
  
  
  
  
38
0 
  
  
  
  
  
  
  
  
40
0
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
  
  
  
  
  
  
| 
  
  
  
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 C
CC
CC
CC
CC
CC
SS
SS
CC
CC
CC
CS
SC
CC
CC
CC
CC
CC
CC
CC
CS
SC
CS
SS
SS
SC
CC
CS
SS
SS
SC
CC
CC
SS
SS
SS
CC
CC
CC
CC
CC
CC
CS
SS
SC
CS
SS
SS
SS
SC
CC
CC
CC
CC
CC
SS
SS
SS
SS
SC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
SS
SS
SS
SC
CS
SS
SS
SS
CC
SS
SS
SS
CC
CC
SS
SS
SS
CC
CC
CC
CC
CC
SS
SS
SS
SC
CS
SC
CC
CC
CC
SS
CC
CC
C
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 T
FS
HR
IA
LP
HT
AE
VY
VT
TT
NS
WR
VI
KI
EI
SS
DT
YN
CS
CS
VY
LK
GF
CY
WF
AS
DD
EE
YI
LS
FD
LG
DE
IF
HR
IQ
LP
RR
KE
SG
FL
FY
DL
FL
FN
ES
IA
SF
CS
HY
DK
SD
NS
RI
LE
IL
EI
WV
MD
DC
DG
VK
SS
WT
KL
QT
LG
PF
KD
NE
NL
LT
FW
KS
DE
LL
MV
TS
DN
RV
IS
YN
SS
TG
NL
KY
IH
IP
PI
IN
KI
TG
FE
AL
IY
VE
SI
VS
VK
RV
EG
KV
PF
SP
I
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 -
--
--
--
--
LT
YL
IS
DD
SG
QT
WK
KS
SA
SI
PF
KN
AT
AE
AQ
MV
EL
GV
IR
TF
FR
TT
TG
KI
AY
MT
SR
DS
YI
DG
IQ
QT
SY
GT
QV
SA
IK
YS
QL
ID
GK
EA
VI
LS
TP
N-
SR
SG
RK
GG
QL
VV
GL
VN
KE
DD
SI
-D
WK
YH
YD
ID
LP
SY
GY
SA
IT
EL
PN
HH
IG
VL
FE
KY
--
--
--
--
--
--
--
--
DS
WS
RN
EL
HL
SN
VV
QY
I-
-D
LE
IN
DL
TK
--
--
--
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 -
--
--
--
--
-K
AQ
VI
DL
QE
GY
WE
EL
LD
TT
PA
IV
VD
WY
SG
RT
DA
GS
LY
EL
LS
EN
ED
VL
AE
FA
TG
Q-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-V
AV
-P
E-
--
-D
GS
WM
EI
HT
FI
DY
GP
GV
RF
VR
FE
HG
GD
SV
YW
KG
--
--
--
--
--
--
--
--
--
--
--
--
-W
FG
AR
V-
--
TN
SS
VW
VE
P-
--
--
--
--
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 H
LH
EK
GS
RD
AT
LR
VW
DI
ET
GQ
LH
VL
MG
HV
AA
VR
CV
QY
DG
RR
VV
FM
VK
VW
DP
ET
ET
CL
HT
LQ
GH
TN
RV
YS
LQ
FG
IH
VV
SG
SL
DT
SI
RV
WD
VE
TG
NC
IH
TL
TG
HQ
SL
TS
GM
EL
NI
LV
SG
NA
DS
TV
KI
WQ
CL
QT
LQ
GP
NK
HQ
SA
VT
CL
QK
NF
VI
TS
SD
DG
TV
KL
WD
LK
TG
FI
RN
LV
TL
ES
GG
SG
GV
VW
RI
RA
SN
TV
CA
VG
SR
NG
TE
ET
KL
L
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 G
TE
TS
TN
LH
QK
LY
YH
VL
GT
DQ
SE
--
--
--
DI
LC
AE
FP
DE
PK
WM
GG
AE
LS
DD
GR
YV
LL
SI
RE
GD
PV
NR
LW
YC
ES
NG
IT
GI
LK
WV
KL
ID
NF
EG
EY
DY
VT
NE
GT
VK
TN
RH
SP
NY
RL
IN
ID
FT
DP
EE
SK
WK
VL
VP
EH
EK
DV
LE
WV
AC
VR
SN
FL
VL
CY
LH
DV
KL
QL
HD
LA
TG
AL
LK
IF
PL
EV
GG
QK
KD
TE
IF
YQ
FT
SH
CD
LT
KE
EL
EV
TV
KG
I
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 F
SP
SG
KF
VT
QW
GE
ES
SG
SS
PR
PG
QF
SV
PH
SL
AL
VP
HL
--
--
--
DQ
LC
VA
DR
EN
GR
IQ
CF
KT
DT
KE
FV
RE
IK
HA
--
-S
FG
RN
VF
AI
SY
IP
GF
LF
AV
NG
KP
YF
GD
QE
PV
Q-
--
-G
FV
MN
FS
SG
E-
--
-I
ID
VF
KP
VR
KH
FD
MP
HD
IV
AS
E-
--
--
--
DG
TV
YI
GD
AH
TN
TV
WK
FT
LT
EK
ME
HR
SV
--
--
--
--
--
--
--
--
--
--
--
--
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 -
--
GL
TQ
VF
ND
VH
KY
NP
KT
NS
WV
KL
-S
HA
P-
--
AG
HV
T-
FV
HN
GK
AY
VT
GG
VN
QK
FL
LS
FD
PS
TQ
QW
SY
AE
SP
WY
GT
A-
--
GA
AV
VN
KG
DK
TW
LI
NG
EA
K-
--
PG
--
LR
TD
AV
FE
LD
-F
T-
--
LK
WN
KL
AP
VS
SP
DG
VA
GG
FA
GI
SN
DS
LI
FA
GG
AY
ST
DI
HL
WH
--
-W
DK
SG
EL
SQ
--
GR
AY
GV
SL
PW
NN
SL
LI
IG
GE
TA
GG
KA
TD
S
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 H
LH
EK
RS
RD
AT
LR
VW
DI
ET
GQ
CH
VL
MG
HV
AA
VR
CQ
YD
GR
RV
VS
GM
VK
VW
DP
ET
ET
CL
HT
LQ
GH
TN
RV
YS
LQ
FG
IH
VV
SG
SL
DT
SI
RV
WD
VE
TG
NC
IH
TL
TG
HQ
SL
TS
GM
EL
NI
LV
SG
NA
DS
TV
KI
WQ
CL
QT
LG
PN
KH
QS
AV
TC
LQ
FN
KN
FV
IT
SD
DG
TV
KL
WD
LK
TG
FI
RN
LV
TL
ES
GG
SG
GV
VW
RI
RA
SN
TL
VC
AV
GS
RN
GT
EE
TK
L
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 -
--
--
--
--
--
--
--
--
--
--
--
II
QD
ES
NW
RC
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-G
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 G
NG
TF
QP
AQ
AV
VN
NF
CI
GA
GG
WT
IS
AH
PR
VV
AD
LT
G-
--
--
-D
RK
AD
IL
GF
GV
AG
VY
TS
LN
NG
NG
TF
GA
VN
LD
FG
VN
SG
WR
VE
KH
VR
CV
SS
LG
DI
IG
FG
DA
--
--
--
--
--
GV
YV
AL
NN
GN
GT
FG
PV
KR
VI
DN
FW
RV
DK
HP
RF
VV
-C
AD
IV
GF
GE
NS
VW
AC
MN
KG
DG
IM
KL
ID
DM
TV
SK
GW
TL
QK
TV
RY
AA
NL
YL
--
--
--
--
--
--
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 -
--
--
--
RD
NT
LH
VW
KL
PK
--
--
--
--
-V
GV
LR
GH
SV
RT
VS
GH
GN
-I
VV
SG
SY
DN
TL
IV
WD
VA
QM
KC
LY
IL
SG
HT
DI
YD
HE
RK
RC
AS
MD
TT
IR
IW
DL
EN
GE
LK
FL
VS
AA
AD
GS
IR
GW
DA
ND
YS
--
--
RK
FS
YH
-H
TN
LS
AI
TT
FY
VS
DN
IL
VS
GS
EN
QF
NI
YN
LR
SG
KL
VH
AN
IL
KD
--
-A
DQ
IW
SV
NF
KG
KL
VA
AV
EK
DG
QS
DF
S-
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
 %
co
v 
  
 N
or
m.
  
  
  
 S
ec
.S
t
CC
CC
CC
CC
CC
HH
HH
HH
HH
HC
CC
HH
HH
HH
HH
HH
HH
HH
HH
HH
CC
HH
HH
HH
HH
HC
CC
CC
CC
CC
CC
CS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SS
SC
CC
CC
CS
SS
SS
CC
CS
SS
SC
CC
CC
CS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CS
SS
SS
SS
SS
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
 Z
-s
co
re
  
  
 S
FB
B3
al
ph
a 
 M
SH
VR
ES
ET
PE
DR
VV
EI
LS
RL
PP
KS
LM
RF
KC
IH
KS
WF
SL
IN
NL
SF
VA
KH
LS
NS
VD
NK
LS
SS
TC
IL
LN
RS
QA
HI
FP
DQ
SW
KQ
EV
FW
SM
IN
FS
ID
SD
EN
NL
HY
DV
ED
LN
IP
FA
LK
DH
DF
VL
IF
GY
CN
GI
LC
VE
AG
KN
VL
LC
NP
AT
RE
FK
QL
PD
SC
LL
LP
SP
PE
RK
FE
LE
TN
FQ
AL
GF
GY
DC
NA
KE
YK
VV
RI
IE
NC
EY
SD
DE
R
MU
ST
ER
  
  
  
  
2j
kb
A
 1
2
 8
7
 0
.9
4
 
FQ
LI
FQ
SG
--
DS
TQ
AN
YF
-R
IP
--
TL
YT
LS
--
--
--
-R
VL
--
--
SI
DA
RY
GG
TH
DS
KS
KI
NI
AT
SY
SD
DN
GK
TW
S-
--
-E
PI
FA
MK
FN
DY
EE
QL
VY
WP
RD
NK
LK
NS
QI
SG
SA
SF
ID
SS
IV
ED
KK
SG
LL
AD
VM
PA
GI
GN
NN
AN
KT
NY
IA
MT
TS
QN
RG
ES
PP
FL
GE
KH
NG
TY
LC
PG
QG
LA
LK
SS
NR
LI
FA
TY
TS
GE
--
--
--
HH
SE
AR
CH
2e
31
A
 1
3
 5
9
 3
.0
8
 
-A
VE
YL
AE
LP
EP
LL
LR
VL
AE
LP
AT
EL
VA
CR
LV
CL
RW
KE
LV
DG
AP
LW
LL
KC
QQ
EG
L-
-V
PE
--
--
--
--
--
--
--
--
--
--
ER
DH
WQ
Q-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-F
YF
LS
KR
RR
NL
--
LR
NP
CG
EE
--
--
--
--
--
--
--
--
--
--
--
-D
LE
GW
SD
VE
--
--
--
--
--
--
SP
3
  
  
  
  
2o
vp
B
 0
9
 9
6
 1
.8
3
 
FQ
RD
FI
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
L-
--
--
--
-H
IK
VI
KP
GF
IH
SP
WK
SA
YI
RQ
HR
ID
TN
WR
RG
EL
KS
PK
VL
K-
--
GH
DD
HV
IT
CL
QF
CG
NR
IV
SG
SD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
TL
VG
HT
GG
VW
SS
QM
RD
NI
II
SG
ST
DR
TN
AE
TG
EC
IH
TL
YG
HT
ST
VR
CM
PR
OS
PE
CT
2
1k
b0
A
 0
7
 9
6
 1
.9
5
 
--
--
--
-T
GP
AA
QA
AA
AV
QR
VD
GD
FI
RA
NA
AR
TP
DW
PT
IG
VD
YA
ID
RS
TG
FK
GC
CD
VV
NR
GV
AL
WQ
NT
FE
GQ
KG
SL
TI
TG
AP
RV
FK
GK
VI
IG
NG
GA
EY
GV
RG
YI
TA
YD
AE
TG
ER
KW
RW
FS
VP
GD
PS
KG
GG
GT
MW
DS
MT
FD
AE
LN
TM
YV
GT
GN
GS
PW
SH
KV
RS
PK
GG
DN
LY
LA
SI
VA
LD
PD
TG
KY
KW
HY
QE
TP
GD
NW
DY
TS
PP
A-
I
  
  
  
  
3f
w0
A
 1
0
 7
7
 0
.8
4
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-H
HH
HH
HD
FH
VE
EE
LD
WP
GV
YL
LP
GQ
DS
KN
NL
VI
FH
RG
DH
VW
DG
NS
FD
SK
FV
YQ
QR
GL
GP
IE
ED
TI
LV
ID
PN
NA
EI
LQ
SS
GK
NY
WV
TD
VA
LH
QV
FK
LD
PH
SK
EG
PR
SM
QP
GS
DQ
NH
FC
QP
TD
VA
VE
PS
TG
A-
--
-V
FV
SD
GY
CN
SR
IV
HH
SE
AR
CH
 I
2u
vk
A
 1
2
 6
2
 1
.7
2
 
--
--
--
--
--
--
--
--
--
SV
LP
ET
PV
PF
KS
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
G-
--
-T
GA
ID
ND
TV
YI
GL
GT
AW
YK
LD
TQ
AK
KW
TA
LA
AF
PG
--
--
-G
PR
D-
--
QA
TS
AF
I-
--
--
--
-D
G-
NL
YV
FG
GI
GK
NS
EG
--
SP
AR
KS
  
  
  
  
2o
vp
B
 1
1
 9
3
 1
.5
4
 
MM
QV
IE
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
L-
--
--
--
--
--
-H
IK
VI
KP
GF
IH
SP
WK
SA
YI
RQ
HR
ID
TN
WR
RG
EL
KS
PK
VL
KG
HD
DH
VI
TC
LQ
FC
GN
RI
VS
GD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
TL
VG
HT
GG
VW
SS
QM
RD
NI
II
SG
S-
TD
RN
AE
TG
EC
IH
TL
YG
HT
ST
VR
CM
SA
M 
T9
9
  
  
  
  
2w
oz
A
 1
4
 4
7
 1
.0
7
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
PL
PS
AR
CL
FG
LG
E-
-V
DD
KI
YV
VA
GK
DL
QT
EA
SL
DS
VL
CY
DP
VA
AK
WS
EV
KN
LP
IK
V-
--
YG
HN
VI
SH
NG
MI
YC
LG
TN
RV
FI
YN
PK
KG
DW
KD
LA
P-
--
--
--
--
--
--
-M
KT
PR
SM
FG
VA
IH
--
--
KG
KI
VI
AG
GV
TE
DG
L-
--
MU
ST
ER
  
  
  
  
2b
wr
A
 0
9
 9
3
 0
.9
4
 
SV
VV
IS
QA
LP
--
--
--
VP
TR
IP
--
GV
AD
LV
GF
GN
GY
II
RI
QV
VK
VI
NN
FG
YD
AG
GW
RV
EK
HV
RL
LA
DT
TG
DN
QS
DV
VG
FG
EN
GV
WI
ST
NN
GN
NT
FV
DP
PK
MV
LA
NF
AY
AA
GW
RV
EK
HI
RF
MA
DL
RK
IV
GF
GD
GG
IY
IS
RN
NG
GG
QF
--
--
AP
AQ
LA
LN
NF
GY
AQ
GW
RL
DR
HL
RF
LA
DV
TG
DG
LL
DV
VG
FG
EN
QV
YI
AR
NS
HH
SE
AR
CH
3m
ks
A
 1
1
 9
0
 1
.9
7
 
LK
RD
LI
TS
LP
FE
IS
LK
IF
NY
LQ
FE
DI
IN
SL
GV
SQ
NW
NK
II
RS
TS
LW
KK
LL
IS
EN
FV
PK
FV
QR
TT
LR
GH
MT
SV
IT
CL
QF
ED
NY
VI
TG
A-
--
--
DD
KM
IR
VY
-D
SI
NK
KF
LL
SG
HD
GG
VW
AL
YA
HG
GI
LV
SG
ST
DR
TV
RV
WD
IK
KG
CC
TH
VF
EG
HN
ST
VR
--
CL
DI
VE
NI
KY
IV
TG
HV
WK
LP
K-
--
-F
VG
VL
RG
HM
AS
VR
TG
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
20
  
  
  
  
  
  
  
  
 2
40
  
  
  
  
  
  
  
  
 2
60
  
  
  
  
  
  
  
  
 2
80
  
  
  
  
  
  
  
  
 3
00
  
  
  
  
  
  
  
  
 3
20
  
  
  
  
  
  
  
  
 3
40
  
  
  
  
  
  
  
  
 3
60
  
  
  
  
  
  
  
  
 3
80
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
CC
CC
CC
CC
CC
SS
SS
SC
CC
CC
CC
CS
CC
CC
CC
CC
CC
CC
CC
SS
SS
CC
SS
SS
SS
CC
CC
SS
SS
SS
SC
CC
CS
SS
SS
SC
CC
CC
CC
CC
CC
SS
SS
SC
CC
CS
SS
SS
SS
CC
CC
CC
CC
SS
SS
SS
SS
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
CS
SS
SS
CC
CS
SS
SS
SS
CC
SS
SS
SS
CC
CC
SS
SS
SS
CC
CC
CC
CC
CS
SS
SS
SS
SC
CS
SS
CC
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
TY
YY
RI
AL
PH
TA
EL
YT
TT
AN
SW
KE
IK
ID
IS
ST
TY
SC
SR
SV
FM
KG
FC
YW
YA
TD
GE
EY
IL
SF
DL
GD
DT
FH
II
QL
PS
RR
ES
GF
RF
YY
IF
LR
NE
SL
AS
FC
SR
YD
RS
ED
SE
SC
EI
WV
MD
DY
DG
DK
SS
WT
KL
LN
IG
PL
QG
IK
KP
LT
FW
RS
DE
LL
ML
DS
DG
RA
TS
YN
YS
TR
NL
KY
LH
IP
PI
LN
RV
VD
FE
VL
IY
VK
SI
VH
VK
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
-L
TY
LI
SD
DS
GQ
TW
KK
SS
AS
IP
FK
NA
TA
EA
QM
VE
LG
VI
RT
FF
RT
TT
GK
IA
YM
TS
RD
SY
ID
GI
QQ
TS
YG
TQ
VS
AI
KY
SQ
LI
DG
KE
AV
IL
ST
PN
SR
SG
RK
GG
QL
VV
GL
VN
KE
DD
SD
WK
YH
YD
ID
LP
SY
GY
AA
IT
EL
PN
HH
IG
VL
FE
KY
--
--
--
-D
SW
SR
NE
LH
LS
NV
--
--
--
--
-V
QY
I-
-D
LE
IN
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
--
--
--
--
HG
GD
GW
KV
EE
LP
GD
NE
FT
QD
-D
SV
--
--
KK
YF
AS
SF
EW
RK
AQ
VI
DL
QA
EG
YW
EL
DT
QP
AI
VV
KD
--
-W
YS
GR
TD
AG
SL
YE
LT
VR
LS
EN
ED
VL
AE
FA
TG
QV
VP
ED
GS
WM
EI
HT
FI
DY
GP
GV
RF
VR
FE
HG
GQ
SV
YW
GW
FG
AR
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-V
TN
SS
VW
V-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
HL
HE
KR
SR
DA
TL
RV
WD
IE
TG
QC
HV
LM
GH
VA
AV
RY
DG
RR
VV
SG
DF
MV
KV
WD
PE
TE
TC
LH
TL
QG
HT
NR
VY
SL
QF
DG
IH
SG
SL
DT
SI
RV
WD
VE
TG
NC
IH
TL
TG
HQ
SL
TS
GM
EL
IL
VS
GN
AD
DI
KT
GQ
CL
QT
LQ
GP
NK
HS
AV
TC
LQ
FN
KN
FV
IT
SD
DG
TV
KL
WD
LK
TG
FI
RN
LV
TL
ES
GG
SG
GV
VW
RI
RA
SN
TK
LV
CA
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
TQ
PM
RT
NG
KF
IS
AK
NF
VP
VN
WA
SG
YD
KH
GK
PQ
DA
VP
GP
YG
AH
NW
HP
MS
FN
PQ
TG
LV
YL
PA
QN
VP
VN
LM
DD
KK
WE
FN
QA
GP
GK
PQ
SG
TG
WN
TA
--
KF
FN
AE
PP
KS
KP
FG
RL
LA
WD
-P
VA
QK
AA
WS
VE
H-
--
-V
SP
WN
GG
TL
TT
AG
NV
VF
QG
TA
DG
RL
VA
YH
AA
TG
EK
LE
AP
TG
TG
VV
AA
PS
TY
MV
QY
VS
VA
VG
WE
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
QF
SP
SG
KF
VT
QW
GE
ES
SG
SS
--
--
--
PR
PG
QF
SV
PH
SL
AL
VP
HL
DQ
LC
VA
DR
EN
GR
IQ
CF
KT
DT
KE
FV
RE
I-
--
KH
AS
FG
RN
VF
AI
SY
IP
GF
LF
AV
NG
KP
YF
GD
QE
PV
QG
FV
MN
FS
SG
E-
--
-I
ID
VF
KP
VR
KH
FD
MP
HD
IV
AS
E-
--
--
--
DG
TV
YI
GD
AH
TN
TV
WK
FT
LT
EK
ME
HR
SV
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
LT
QV
FN
DV
HK
YN
PK
TN
SW
VK
L-
SH
AP
--
-A
GH
VT
-F
VH
NG
KA
YV
TG
GV
NQ
KF
LL
SF
DP
ST
QQ
WS
YA
GS
PW
YG
TA
--
-G
AA
VV
NK
GD
KT
WL
IN
GE
AK
--
PG
LR
TD
AV
FE
LD
-F
T-
--
LK
WN
KL
AP
VS
SP
DG
VA
GG
FA
GI
SN
DS
LI
FA
GG
GY
ST
DI
HL
WH
--
-W
DK
SG
EL
SQ
-G
RA
Y-
GV
SL
PW
NN
SL
LI
IG
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
HL
HE
KR
SR
DA
TL
RV
WD
IE
TG
QC
LH
VL
MG
HV
AA
VR
--
--
CV
QY
DG
MV
KV
WD
PE
TE
TC
LH
TL
QG
HT
NR
VY
SL
QF
DG
IH
DV
ET
GN
CI
HT
LT
GH
QS
LT
SG
ME
LK
DN
NA
DS
TV
KI
WD
IK
T-
--
--
--
GQ
CL
QT
LG
PN
KH
QS
AV
TC
LQ
FN
KN
FV
IT
SD
DG
TV
KL
WD
LK
TE
FI
RN
LV
TL
ES
GG
SG
GV
VW
RI
RA
SN
TC
AV
EE
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
SA
SV
EA
FD
LK
TN
KW
EV
MT
EF
PQ
ER
S-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-S
IS
LV
SL
AG
SL
YA
IG
GF
AM
EF
AP
TE
VN
DI
WK
YE
DD
--
-K
KE
WA
GM
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
GN
GT
FQ
PA
QA
VV
NN
FC
IG
AG
GW
TI
SA
HP
RV
VA
DL
TG
--
--
--
DR
KA
DI
LG
FG
VA
GV
YT
SL
NN
GN
GT
FG
AV
NL
VN
SG
WR
VE
KH
VR
CV
ST
NK
KV
GD
II
GF
GD
AG
--
--
--
-V
YV
AL
NN
GN
GT
FG
PV
KR
VI
DN
FW
RV
DK
HP
RF
VV
GD
GD
IV
GF
GE
NS
VW
AC
MN
KG
DG
IM
KL
ID
DM
TV
SK
GW
TL
QK
TV
RY
AA
NL
YL
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
NI
VV
SG
SY
DN
TL
IV
WD
VA
QM
KC
LY
IL
SG
H-
--
-T
DR
IY
ST
IY
ER
KR
CI
-S
AS
MD
TT
IR
IW
DL
EN
GE
LM
TL
QG
H-
--
--
TA
L-
VG
LL
RL
SD
KF
LV
SA
--
--
--
AA
DG
SI
RG
WD
AN
D-
--
YS
RK
F-
--
-S
YH
-H
TN
LS
AI
TT
FY
VS
DN
IL
VS
GS
EN
QF
NI
YN
LR
SG
KL
VH
AN
IL
KD
--
-A
DQ
IW
SV
NF
KG
KT
VA
I-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
%c
ov
  
  
No
rm
. 
  
  
  
Se
c.
St
CC
CC
CH
HH
CC
HH
HH
HH
HH
HC
CC
HH
HH
HH
HH
HH
HH
HH
HH
HC
CC
CC
HH
HH
CC
CC
CC
CC
CC
CC
CC
SS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SS
SS
CC
CC
SS
SS
SC
CC
CS
SS
SS
CC
CC
CS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
SS
SS
SS
SS
SC
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
Z-
sc
or
e 
  
  
SF
BB
3b
et
a 
  
MS
QV
HE
SE
TP
ED
KV
VE
IL
CR
LP
PK
SL
MR
FK
CI
RK
SW
CT
LI
NR
PS
FV
AK
HL
NN
SV
DN
KL
SS
ST
CI
LL
NR
SQ
AH
IF
PD
QS
WK
QE
VF
WS
TI
NL
SI
DS
DE
HN
LH
YD
VE
DL
II
PF
PL
ED
HD
FV
LI
FG
YC
NG
IV
CV
DA
GK
NV
LL
CN
PA
TR
EF
RQ
LP
DS
CL
LQ
PP
PK
GK
FE
LE
TT
FQ
AL
GF
GY
DC
NA
KE
YK
VV
RI
VE
NC
EY
SD
DE
QT
MU
ST
ER
  
  
  
  
2b
wr
A
 1
0
93
0.
94
 
SV
VV
IS
QA
LP
--
--
--
VP
TR
IP
--
GV
AD
LV
GF
GN
GG
VY
II
RN
SL
LI
NN
FG
YD
AG
GW
RV
EK
HV
RL
LA
DT
TG
DN
QS
DV
VG
FG
EN
GV
WI
ST
NN
GN
NT
FV
DP
PK
MV
LA
NF
AY
AA
GW
RV
EK
HI
RF
MA
DL
RK
IV
GF
GD
GG
IY
IS
RN
NG
GG
QF
--
-A
PA
QL
AL
NN
FG
YA
QG
WR
LD
RH
LR
FL
AD
VT
GD
GL
LD
VV
GF
GE
NQ
VY
IA
RN
SG
HH
SE
AR
CH
2e
31
A
 1
5
59
3.
10
 
-A
VE
YL
AE
LP
EP
LL
LR
VL
AE
LP
AT
EL
VA
CR
LV
CL
RW
KE
LV
DG
AP
LW
LL
KC
QQ
EG
LV
PE
--
--
--
--
--
--
--
--
ER
DH
WQ
--
QF
Y-
FL
S-
K-
--
--
--
--
--
RR
RN
LL
RN
PC
GE
--
--
--
--
--
ED
L-
--
EG
-W
S-
DV
EH
GG
DG
WK
VE
LP
GD
NG
V-
EF
--
--
--
--
--
--
--
--
--
TQ
DD
S-
VK
KY
FA
S-
SF
E-
--
--
--
SP
3
  
  
  
  
2o
vp
B
 0
9
95
1.
88
 
FQ
RD
FI
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
E-
--
--
--
--
--
-P
LH
IK
VI
KP
GF
IH
SP
WK
SA
YI
RQ
HR
ID
TN
WR
RG
EL
KS
PK
VL
KG
HD
DH
VI
TC
LQ
FC
GN
RI
VS
GD
DN
TL
KV
WS
AV
TG
KC
LR
T-
LV
GH
TG
GV
WS
SQ
MR
DN
II
IS
GT
LK
VW
NA
ET
G-
-E
CI
HT
LY
GH
TS
TV
RC
MH
PR
OS
PE
CT
2
1k
b0
A
 0
8
98
1.
90
 
TG
--
--
--
-P
AA
QA
AA
AV
QR
VD
GD
FI
RA
NA
AR
TP
DW
PT
IG
VD
YA
ET
RY
SR
LD
QI
NA
AN
VK
DL
GL
AW
SY
NL
ES
TR
GV
EA
TA
SW
SV
VH
AI
DT
RT
GN
RI
WT
YD
PQ
ID
RS
TG
FK
GC
CD
VV
NR
GV
AL
WK
GK
VY
VG
AW
DG
RL
IA
LD
AA
TG
KE
VW
HQ
NT
FE
GQ
KG
SL
TI
TG
AP
RV
FK
GK
VI
IG
NG
GA
ET
GE
RK
WR
WF
SV
PG
DP
SK
PF
PP
A-
I
  
  
  
  
3f
w0
A
 1
0
80
0.
84
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-H
HH
HH
HV
EE
EL
DW
PG
VY
LL
PG
QV
SG
VA
LD
SK
NN
LV
IF
HR
GD
HV
WD
GN
SF
DS
KF
VY
QQ
RG
LG
PI
EE
DT
IL
VI
DP
NN
AE
IL
QS
SG
KN
LF
GL
SI
DT
DG
NY
WV
TD
VA
LH
QV
FK
LD
PH
SK
EG
PS
MQ
PG
SD
QN
HF
CQ
PT
DV
AV
EP
ST
GA
--
--
-V
FV
SD
GY
CN
SR
IV
HH
SE
AR
CH
 I
2u
vk
A
 1
2
63
1.
84
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
SV
LP
ET
P-
-V
PF
KS
G-
--
-T
GA
ID
ND
TV
YI
GL
GT
AW
YK
LD
TQ
AK
KW
TA
LA
AF
PG
-G
P-
--
-R
--
DQ
AT
SA
FI
--
--
--
--
DG
-N
LY
VF
GG
IG
KN
SE
--
--
SP
AR
KS
  
  
  
  
1p
22
A
 1
1
93
1.
52
 
ML
QR
DI
TA
LP
DH
IA
EN
IL
SY
LD
AK
SL
CA
AE
LV
CK
EW
YR
VT
SD
GM
LW
KK
LI
ER
MV
-R
TD
SL
WR
GL
AE
RR
GW
GQ
YL
FP
PN
SF
YR
AL
YP
KI
IQ
DI
ET
IE
SN
WR
CG
RH
SL
QR
IH
CR
SE
TS
KG
VY
CL
QY
DD
IV
SG
LR
DN
TI
KI
WD
KN
TL
EC
KR
IL
TG
HT
G-
--
SV
LC
LQ
YD
ER
VI
IT
GS
-S
DS
TV
NT
GE
ML
NT
LI
HH
CE
AR
FN
NG
SA
M 
T9
9
  
  
  
  
1p
22
A
 1
9
21
1.
17
 
--
--
--
--
--
DH
IA
EN
IL
SY
LD
AK
SL
CA
AE
LV
CK
EW
YR
VT
SD
GM
LW
KK
LI
ER
MV
RT
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-D
SL
WR
GL
AE
RR
GW
GQ
YL
FP
PN
SF
YR
AL
YP
KI
I-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
MU
ST
ER
  
  
  
  
2j
kb
A
 1
1
86
0.
93
 
FQ
LI
FQ
S-
-G
DS
TQ
AN
YF
-R
IP
--
TL
YT
LS
--
--
--
-R
VL
--
--
SI
DA
RY
GG
TH
DS
KS
KI
NI
AT
SY
SD
DN
GK
TW
--
--
--
SE
PI
FA
M-
-K
FN
DY
EE
QL
VY
WP
RD
NK
LK
NS
QI
SG
SA
SF
ID
SS
--
--
IV
ED
KK
SG
KT
IL
LA
DV
MP
--
--
--
--
AG
IG
NN
NA
NK
AD
SP
TN
YI
AM
TT
SQ
NG
EK
HN
GT
YL
CP
GQ
GL
AL
KS
SN
RL
HH
SE
AR
CH
3m
ks
A
 1
1
91
1.
89
 
LK
RD
LI
TS
LP
FE
IS
LK
IF
NY
LQ
FE
DI
IN
SL
GV
SQ
NW
NK
II
RS
TS
LW
KK
LL
IS
EN
FV
PK
FV
PQ
RT
LR
GH
MT
SV
IT
CL
QF
ED
N-
YV
IT
GA
DK
MI
RV
YD
SI
NK
KF
L-
-L
QL
SG
HD
GG
VW
AL
KY
A-
HG
GI
LV
SG
ST
DR
TV
RV
WD
IK
KG
CC
TH
VF
EG
HN
SV
RC
LD
IV
EY
KN
IK
YI
VT
GH
VW
KL
PK
--
--
FV
GV
LR
GH
MA
SV
GH
GN
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
20
  
  
  
  
  
  
  
  
 2
40
  
  
  
  
  
  
  
  
 2
60
  
  
  
  
  
  
  
  
 2
80
  
  
  
  
  
  
  
  
 3
00
  
  
  
  
  
  
  
  
 3
20
  
  
  
  
  
  
  
  
 3
40
  
  
  
  
  
  
  
  
 3
60
  
  
  
  
  
  
  
  
 3
80
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
SC
CC
CC
CC
SS
SS
SS
SC
CC
CC
CC
SS
CC
CC
CC
CC
CC
CC
CS
SS
SC
CS
SS
SS
SC
CC
CS
SS
SS
SC
CC
CC
SS
SS
SS
CC
CC
CC
CC
CC
CC
SS
SS
CC
CC
CS
SS
SS
SS
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
CS
SS
SS
SS
CC
CC
CC
CS
SS
SS
SC
CC
SS
SS
SS
SC
CS
SS
SS
SC
CC
CS
SS
SS
SC
CC
CC
CC
SS
SS
SS
SS
SS
CC
CS
SC
C
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
FY
HR
IA
LP
HT
AE
VY
TT
AA
NF
WK
EI
KI
DI
SI
KT
YH
CS
CS
VY
LK
GF
CY
WF
AS
DN
EE
YI
LA
FY
LG
DE
TF
HI
IQ
LP
SR
RE
SG
FT
FD
YI
FL
RN
ES
LA
SF
CS
PY
NP
SE
DS
KL
FE
IW
VM
DD
YD
GV
SS
SW
TK
LL
TV
GP
FK
GV
EY
PL
TL
WK
CD
EL
LM
LA
SD
GR
AT
SY
NS
ST
GN
LK
YL
HI
PP
IL
NK
VV
DF
EG
LI
YV
KS
IV
PL
K
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
NG
TF
QP
AQ
AV
VN
NF
CI
GA
GG
WT
IS
AH
PR
VV
AD
LT
G-
--
--
-D
RK
AD
IL
GF
GV
AG
VY
TS
LN
NG
NG
TF
GA
VN
LS
GW
RV
EK
HV
RC
VS
SL
TN
KK
VG
DI
IG
FG
DA
--
--
--
-G
VY
VA
LN
NG
NG
TF
GP
VK
RV
ID
NF
WR
VD
KH
PR
FV
VG
DG
DI
VG
FG
EN
SV
WA
CM
NK
GD
GI
MK
LI
DD
MT
VS
KG
WT
LQ
KT
VR
YA
AN
LY
L-
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
-W
C-
RK
AQ
VI
DL
QE
GY
WE
EL
DT
TP
AI
VV
KD
WY
SG
RT
DA
GS
LY
EL
TS
EN
ED
VL
AE
FA
TG
QV
--
--
-A
VP
E-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
DG
SW
ME
IH
TF
ID
YG
PG
VR
FV
RF
EH
GG
DS
VY
W-
-K
--
--
--
--
--
--
--
--
--
-G
WF
GA
R-
--
--
--
VT
NS
SV
WV
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
LH
EK
RS
RD
AT
LR
VW
DI
ET
GQ
CL
HV
LM
GH
VA
AV
--
--
RC
VQ
YD
GR
-R
VV
SG
AY
DF
MV
KV
WD
PE
TE
TC
LH
TL
QG
HT
NR
GS
LD
TS
IR
VW
DV
ET
GN
CI
HT
LT
GH
QS
LT
SG
ME
LI
LV
SG
NA
DS
TK
TG
QC
LQ
TL
QG
PN
KH
QS
AV
TC
LQ
KN
FV
IT
SS
DD
GT
VK
LW
DL
KT
GF
IR
NL
VT
LE
SG
GS
GG
VV
WR
IR
AS
NT
KL
VC
A
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
ED
GD
NL
YL
AS
IV
AL
DP
DT
GK
YK
WH
YQ
ET
PG
DN
WD
YT
SD
IK
IA
GK
PR
IL
HA
PK
NG
FF
FV
LD
RT
NG
KF
IS
AK
VP
GP
YG
AH
NW
HP
MS
FN
PQ
TG
LV
YL
PA
QN
VP
QS
GT
GW
NT
AK
FF
NA
EP
PK
SK
PF
GR
LL
AW
DP
VS
PW
NG
GT
LT
TA
GN
VV
FQ
GT
AD
GR
LV
AY
HA
AT
GE
KL
EA
PT
GT
GV
VA
AP
ST
YM
VQ
YV
SV
AV
GW
E
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
QF
SP
SG
KF
VT
QW
GE
ES
SG
SS
P-
--
--
RP
GQ
FS
VP
HS
LA
LV
PH
LD
QL
CV
AD
RE
NG
RI
QC
FK
TD
TK
EF
VR
EI
--
-K
HA
SF
GR
NV
FA
IS
YI
PG
FL
FA
VN
GK
PY
FG
DQ
EP
VQ
GF
VM
NF
SS
GE
--
--
II
DV
FK
PV
RK
HF
DM
PH
DI
VA
SE
--
--
--
-D
GT
VY
IG
DA
HT
NT
VW
KF
TL
TE
KM
EH
RS
V-
--
--
--
--
--
--
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
GL
TQ
VF
ND
VH
KY
NP
KT
NS
WV
KL
-S
HA
P-
--
AG
HV
T-
FV
HN
GK
AY
VT
GG
VN
QK
FL
LS
FD
PS
TQ
QW
SY
AG
SP
WY
GT
A-
-G
A-
AV
VN
KG
DK
TW
LI
NG
EA
KP
G-
-L
RT
DA
VF
EL
D-
FT
--
-L
KW
NK
LA
PV
SS
PD
GV
AG
GF
AG
IS
ND
SL
IF
AG
GA
YS
TD
IH
LW
H-
--
WD
KS
GE
LS
QG
--
RA
YG
VS
LP
WN
NS
LL
II
G
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
MM
VT
CS
KD
RS
IA
VW
DM
AS
PT
DI
TL
RR
VL
VG
-H
RA
AV
NV
VD
FD
DK
-Y
IV
SA
SG
DR
TI
KV
WN
TS
TE
FV
RT
LN
--
--
--
GH
KR
GI
AC
LQ
YR
DR
LV
VS
GS
--
--
--
SD
NT
IR
LW
DI
EC
--
--
--
-G
AC
LR
VL
EG
HE
EL
--
VR
CI
RF
DN
KR
IV
SG
YD
GK
IK
VW
DL
VA
AL
DP
RA
PA
GT
LV
EH
SG
RV
FR
LQ
FD
EF
QI
VI
L
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
QD
I-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
IF
AT
YT
SG
EL
TY
LI
SD
SG
QT
WK
KS
SA
SI
PF
KN
AT
AE
AQ
MV
EL
GV
IR
TF
FR
TT
TG
KI
AY
MT
SR
DS
YI
DG
IQ
QT
SY
GT
QV
SA
IK
YS
QL
ID
GK
EA
VI
LS
TP
NS
RS
GR
KQ
LV
VG
LV
NK
ED
DS
I-
DW
KY
HY
DI
DL
PS
YG
YS
AI
TE
LP
NH
HI
GV
LF
EK
YD
--
--
--
--
--
--
--
--
SW
SR
NE
LH
LS
NV
VQ
YI
D-
-L
EI
N
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
IV
VS
GS
YD
NT
LI
VW
DV
AQ
MK
CL
YI
LS
G-
-H
T-
-D
RI
YS
TI
YE
RK
RC
I-
SA
SM
DT
TI
RI
WD
LE
NG
EL
MT
LQ
GH
--
--
-T
AL
VG
LL
-R
LS
DK
F-
-L
V-
SA
--
-A
AD
GS
IR
GW
DA
N-
--
DY
SR
--
--
KF
SY
H-
HT
NL
SA
IT
TF
YV
SD
NI
LV
SG
SE
NQ
FN
IY
NL
RS
GK
LV
HA
NI
LK
DA
DQ
I-
--
WS
VN
FK
GK
TV
AA
-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
 %
co
v 
  
 N
or
m.
  
  
  
 S
ec
.S
t
CC
CC
CH
HH
CC
HH
HH
HH
HH
HC
CC
HH
HH
HH
HH
HH
HH
HH
HH
HC
CC
CC
CH
HH
HC
CC
CC
CC
CC
CC
CC
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SS
SS
CC
CC
CS
SS
SC
CC
CS
SS
SC
CH
HC
CS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SS
SC
CC
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
 Z
-s
co
re
  
  
 S
FB
B9
  
  
  
MS
QV
RK
TE
TP
ED
RV
VA
IM
SK
LP
PK
SL
MR
FK
CI
RK
SW
CT
LI
NS
PS
FV
AK
HL
SN
SV
DN
KF
SS
ST
CI
LL
NR
SQ
VH
VF
PD
KS
WK
HE
VL
WS
KI
NF
FN
ER
LA
RS
LY
YD
VE
DL
NI
PF
PR
DD
HQ
HV
LI
HG
YC
NG
IV
CV
IS
GK
NI
LL
CN
PA
TR
EF
RQ
LP
DS
FL
LL
PS
PL
GG
KF
EL
ET
DF
GG
LG
FG
YD
CR
AK
DY
KV
VR
II
EN
CE
YS
DD
ER
MU
ST
ER
  
  
  
  
2b
wr
A
 1
1
 9
3
 0
.9
5
 
--
SV
VV
QA
LP
--
--
--
VP
TR
IP
GV
AL
VG
FG
NG
GV
YI
IR
NS
LL
IQ
VV
KV
IN
NF
GY
DA
GR
VE
KH
VR
LL
AD
TT
GD
NQ
SD
-G
FG
EN
GV
WI
ST
NN
GN
NT
FV
DP
PK
MV
LA
NF
AY
AA
GG
WR
VE
KH
IR
FM
AD
TG
RI
VG
FG
DG
GI
YI
S-
RN
NG
GG
QF
AP
AQ
LA
LN
NF
GY
AQ
GW
RL
DR
HL
RF
LA
-D
VT
-G
DG
LL
DV
VG
FG
EN
QV
YI
AR
NS
HH
SE
AR
C 
  
2e
31
A
 1
3
 5
8
 3
.1
2
 
-A
VE
YL
AE
LP
EP
LL
LR
VL
AE
LP
AT
EL
VA
CR
LV
CL
RW
KE
LV
DG
AP
LW
LL
KC
QQ
EG
LV
PE
--
--
--
--
--
--
--
--
ER
D-
--
--
-H
WQ
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
QF
YF
LS
KR
RR
N-
-L
LR
NP
CG
EE
D-
--
--
--
--
--
--
--
--
--
--
--
LE
GW
SD
V-
--
--
--
--
--
--
SP
3
  
  
  
  
2o
vp
B
 1
0
 9
6
 1
.9
0
 
FQ
RD
FI
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
LH
I-
--
-K
VI
KP
GF
IH
SP
WK
SA
YI
RQ
HR
ID
TN
WR
RG
EL
--
--
--
-K
SP
KV
LK
GH
DD
HV
IT
CL
QF
CG
NR
IV
SG
SD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
TL
VG
HT
GG
VW
SS
QM
RD
NI
II
SG
ST
DR
TN
AE
TG
EC
IH
TL
YG
HT
ST
VR
CM
PR
OS
PE
CT
2
1k
b0
A
 0
8
 9
8
 1
.9
3
 
TG
--
--
--
-P
AA
QA
AA
AV
QR
VD
GD
FI
RA
NA
AR
TP
DW
PT
IG
VD
YA
ET
RY
SR
LD
QI
NA
AN
VK
DL
GL
AW
SY
NL
ES
TR
GV
EA
TP
VV
VH
AI
DT
RT
GN
RI
WT
YD
PQ
ID
RS
TG
FK
GC
CD
VV
NR
GV
AL
WK
--
GK
VY
VG
AW
DG
RL
IA
LD
AA
TG
KE
QN
TF
EG
QK
GS
LT
IT
GA
PR
VF
KG
KV
II
GN
GG
AE
YG
VE
TG
ER
KW
RW
FS
VP
GD
PS
KP
PP
A-
I
  
  
  
  
3f
w0
A
 1
0
 7
9
 0
.8
4
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-H
HH
HH
HD
FH
VE
EE
LD
WP
GV
YL
LP
IF
HR
GD
HV
WD
GN
SF
DS
KF
VY
QQ
RG
LG
PI
EE
DT
IL
VI
DP
NN
AE
IL
QS
SG
KN
LF
YL
PH
GL
SI
DT
DG
NY
WV
TD
VA
LV
FK
LD
PH
SK
EG
PL
LI
LG
RS
MQ
PG
SD
QN
HF
CQ
PT
DV
AV
EP
ST
GA
--
--
--
--
VF
VS
DG
YC
NS
RI
VQ
HH
SE
AR
CH
 I
 
2u
vk
A
 1
4
 6
9
 1
.8
9
 
--
--
--
--
--
--
--
--
--
SV
LP
ET
PV
PF
KS
GT
GA
--
--
ID
--
--
--
--
--
--
--
ND
--
--
-T
VY
IG
LG
SA
--
--
-G
-T
--
--
-A
WY
KL
DT
QA
KK
KW
T-
--
--
-A
LA
AF
PG
PR
DQ
AT
S-
AF
I-
--
DG
NL
YV
FG
FN
DV
HK
YN
PK
TN
SW
VK
L-
SH
A-
--
P-
--
--
-A
GH
--
--
VT
FV
--
H-
--
-N
G-
KA
YV
TG
GV
NQ
NI
FN
GT
SP
AR
KS
  
  
  
  
2o
vp
B
 1
1
 9
1
 1
.5
7
 
MM
QV
II
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
--
--
--
--
--
--
LH
IK
VI
KP
GF
IH
SP
WK
SA
YI
RQ
HR
ID
TN
WR
RG
EL
KS
PK
VL
KG
HD
DH
VI
TC
LQ
FC
GN
RI
VS
GD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
TL
VG
HT
GG
VW
SS
QM
RD
NI
II
SG
S-
TD
RN
AE
TG
EC
IH
TL
YG
HT
ST
VR
CM
SA
M 
T9
9
  
  
  
  
2d
yh
A
 1
2
 5
5
 1
.1
3
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
VG
RL
IY
TA
GG
YF
RQ
--
--
--
--
--
-S
LS
YL
EA
YN
PS
NG
SW
LR
LA
DL
QV
PR
S-
--
GL
AG
CV
V-
--
GG
LL
YA
VG
SS
AL
DC
YN
PM
TN
QW
--
-S
PC
A-
--
--
--
--
--
SM
SV
PR
NR
IG
VG
--
--
--
--
-V
ID
GH
IY
AV
GG
SH
GC
MU
ST
ER
  
  
  
  
3f
gb
A
 1
0
 8
6
 0
.9
5
 
--
--
--
--
--
--
--
-D
LT
TS
GD
SK
GL
YS
FR
--
--
--
--
-F
NE
EN
GT
AT
AL
SE
AE
VE
NP
SY
LV
PS
AD
GK
FI
YA
VS
EF
SN
EQ
AA
AN
AF
AF
NK
EE
GT
FR
LL
NT
QK
T-
--
--
--
--
GG
ED
PC
YI
IT
NG
SN
VV
TA
NY
SG
GS
IS
VF
PI
DK
DG
SL
LP
AS
EV
VK
FK
GS
GA
DK
ER
QE
KP
HL
HC
VR
IT
P-
DG
KY
LF
AD
DL
GT
DQ
IH
KF
IV
HH
SE
AR
CH
3m
ks
A
 1
1
 9
0
 1
.8
7
 
LK
RD
LI
TS
LP
FE
IS
LK
IF
NY
LQ
FE
DI
IN
SL
GV
SQ
NW
NK
II
RS
TS
LW
KK
LL
IS
EN
FV
SP
KG
QR
TT
LR
GH
MT
SV
IC
LQ
FE
DN
YV
IT
GA
D-
--
-D
KM
IR
VY
DS
IN
KK
FL
LQ
LS
GH
DG
GV
WA
LK
YA
HG
GI
LV
SG
ST
DR
TV
RV
WD
IK
KG
CC
TH
VF
EG
HN
ST
--
-V
RC
LD
IV
EK
NI
KY
IV
TG
SR
--
DN
TL
HV
WK
LP
K-
--
GH
MA
SV
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
20
  
  
  
  
  
  
  
  
 2
40
  
  
  
  
  
  
  
  
 2
60
  
  
  
  
  
  
  
  
 2
80
  
  
  
  
  
  
  
  
 3
00
  
  
  
  
  
  
  
  
 3
20
  
  
  
  
  
  
  
  
 3
40
  
  
  
  
  
  
  
  
 3
60
  
  
  
  
  
  
  
  
 3
80
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
CC
CC
CC
CC
CC
SS
SS
CC
CC
CC
CC
SS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SS
SS
CC
CC
CS
SS
SS
CC
CC
CS
SS
SS
SC
CC
CC
CC
CC
CC
SS
SS
SS
CC
CS
SS
SS
SS
SC
CC
CC
CC
SS
SS
SS
SS
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
CC
SS
SS
SC
CS
SS
SS
SS
CC
SS
SS
SS
CC
CC
SS
SS
SS
CC
CC
CC
CS
SS
SS
SS
SS
SC
CS
SS
CC
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
TY
YH
RI
PL
PH
TA
EV
YT
MA
TN
SW
KE
IK
ID
IS
SK
TY
PC
SC
SV
YL
KG
FC
YW
FT
RD
GE
EF
IL
SF
DL
GD
ER
FH
RI
QL
PS
RK
ES
GF
EF
YY
IF
LC
NE
SI
AS
FC
SL
YD
RS
ED
SK
SC
EI
WV
MD
DY
DG
VK
SS
WT
KL
LV
AG
PF
KG
IE
KP
LT
LW
KG
DE
LL
MI
DT
NG
RV
IS
YN
SG
IG
YL
TY
LH
IP
PI
IN
RV
ID
SQ
VL
IY
VE
SI
VP
IK
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
GN
GT
FQ
PA
QA
VV
NN
FC
IG
AG
GW
--
--
--
TI
SA
HP
RV
VA
DL
TG
DR
KA
DI
LG
FG
VA
GV
YT
SL
NN
GN
GT
FG
AV
NL
GV
NS
GW
RV
EK
HV
RC
VS
NK
KV
GD
II
GF
GD
A-
--
--
--
GV
YV
AL
NN
GN
GT
FG
PV
KR
VI
DN
FW
RV
DK
HP
RF
VV
GD
GD
IV
GF
GE
NS
VW
AC
MN
KG
DG
IM
KL
ID
DM
TV
SK
GW
TL
QK
TV
RY
AA
NL
YL
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
--
--
--
-E
HG
GD
GW
KV
EE
LP
GD
NG
VT
QD
D-
S-
--
-V
KK
YF
AS
SF
EW
CR
AQ
VI
DL
QA
EG
YW
EL
TT
PA
--
--
--
-I
VV
KD
WY
SG
RD
AG
SL
TV
RL
LS
EN
ED
VL
AE
FA
TG
QV
VP
ED
GS
WM
EI
HT
FI
DY
GP
GV
RF
VR
FE
HG
GQ
SV
YW
KG
WF
G-
--
--
--
--
--
--
--
--
--
-A
RV
--
--
--
--
TN
SS
VW
V-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
HL
HE
KG
SR
DA
TL
RV
WD
IE
TG
QL
HV
LM
GH
VA
AV
RC
VQ
YD
GR
RV
DF
MV
KV
WD
PE
TE
TC
LH
TL
QG
HT
NR
VY
SL
QF
GI
HV
VS
GS
LD
TS
IR
VW
DV
ET
GN
CI
HT
LT
GH
QS
LT
EL
NI
LV
SG
NA
DS
TV
KI
WQ
CL
QT
LQ
GP
NK
HQ
SA
VT
CL
QK
NF
VI
TS
SD
DG
TV
KL
WD
LK
TG
FI
RN
LV
TL
ES
GG
SG
GV
VW
RI
RA
SN
TK
LV
CA
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
FE
DG
DN
LY
LA
SI
VA
LD
PD
TG
KY
KW
HY
QE
TP
GD
NW
DY
TS
TQ
PM
NG
FF
FV
LD
RT
NG
KF
IS
AK
NF
VP
VN
WA
SG
YD
KH
GP
YG
AH
NW
HP
MS
FN
PQ
TG
LV
YL
PA
QN
VP
VN
LM
DD
KA
KF
FN
AE
PP
KS
KP
FG
RL
LA
WD
PV
SP
WN
GG
TL
TT
AG
NV
VF
QG
TA
DG
RL
VA
YH
AA
TG
EK
LE
AP
TG
TG
VV
AA
PS
TY
MV
QY
VS
VA
VG
WE
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
FS
PS
GK
FV
TQ
WG
EE
SS
GS
SP
--
--
--
-R
PG
QF
SV
PH
SL
AL
VP
HL
DQ
LC
VA
DR
EN
GR
IQ
CF
KT
DT
KE
FV
RE
I-
--
KH
AS
FG
RN
VF
AI
SY
IP
GF
LF
AV
NG
KP
YF
GD
QE
PV
QG
FV
MN
FS
SG
E-
--
-I
ID
VF
KP
VR
KH
FD
MP
HD
IV
AS
E-
--
--
--
DG
TV
YI
GD
AH
TN
TV
WK
FT
LT
EK
ME
HR
SV
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
HY
FD
DY
FF
NK
FL
LS
FD
PS
TQ
QW
SY
AG
E-
SP
WY
GT
AG
AA
VV
NK
GD
KT
WL
IN
GE
PG
LA
VF
EL
DF
--
LK
WN
KL
AP
SS
PD
--
GV
AG
GF
AG
IS
ND
SL
IF
AG
GA
GF
KE
GL
KK
SY
ST
DI
HL
W-
--
H-
--
WD
KS
GE
-L
SQ
G-
RA
YG
VS
LP
WN
NS
LL
II
GG
TA
DS
VL
IT
V-
DN
KV
TV
QN
--
--
--
--
--
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
HL
HE
KR
SR
DA
TL
RV
WD
IE
TG
QL
HV
LM
GH
VA
AV
RC
VQ
YD
GR
RV
TN
RV
YS
LQ
FD
GI
HS
IR
VW
DV
ET
GN
CI
HT
LT
--
--
-G
HQ
SL
TS
GM
EL
KD
NI
LV
SG
NA
DS
T-
--
--
-V
KI
WD
IK
T-
--
--
--
GQ
CL
QT
LQ
GP
NK
HQ
SA
TC
LQ
FN
KN
FV
IT
SD
DG
TV
KL
WD
LK
TG
FI
RN
LV
TL
ES
GG
SG
GV
VW
RI
RA
SN
TC
AV
EE
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
IH
HD
GT
NR
LN
SA
EC
YY
PE
RN
EW
RM
I-
--
TP
MN
TI
RS
GA
GV
CV
LH
NC
IY
AA
GG
YD
NS
VE
RY
DV
ET
ET
WT
VA
PM
RH
H-
--
-R
SA
LG
IT
VH
QG
KI
YV
LG
GY
D-
--
-G
HT
FL
D-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
SV
EC
YD
PD
SD
TW
SE
VT
RM
T-
--
--
--
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
NP
NA
KA
DN
ED
VF
LK
--
--
--
EG
SP
AS
YK
VE
AG
SG
PR
HL
TF
AP
NG
SY
AY
LI
NE
LS
GT
VI
AF
EY
ND
GE
LK
EI
QT
IA
AD
TV
GA
KG
SG
DI
HI
SP
DG
KF
LY
AS
NR
--
LK
AD
GL
AI
FS
IH
PE
NG
L-
--
--
TK
VG
YQ
LT
GI
HP
RN
FI
IT
PN
GK
YL
LV
AC
RD
QV
YE
RD
TD
TG
LL
TD
IR
KD
IK
VD
KP
VC
IK
FV
P-
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
RI
VV
SG
SY
DN
TL
IV
WD
VA
QM
KC
LY
IL
S-
-G
H-
-T
DR
IY
ST
IY
ER
KR
CI
S-
AS
MD
TT
IR
IW
DL
EN
GE
LM
YL
QG
H-
--
-T
-A
LV
GL
LR
L-
SD
K-
-F
LV
S-
--
-A
AA
DG
SI
RG
WD
AN
--
-D
YS
--
--
RK
FS
YH
-H
TN
LS
AI
TT
FY
VS
DN
IL
VS
GS
EN
QF
NI
YN
LR
SG
KL
VH
AN
IL
KD
AD
QI
--
-W
SV
NF
KG
KL
VA
A-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
%c
ov
  
  
No
rm
. 
  
  
  
Se
c.
St
CC
CC
CC
CC
CC
HH
HH
HH
HH
HC
CC
HH
HH
HH
HH
HH
HH
HH
HH
HH
CC
CH
HH
HH
HH
HC
CC
CC
CC
CC
CC
SS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SS
SS
CC
CC
CS
SS
SC
CC
CC
CC
CC
CC
HH
CS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
SS
SS
SS
CC
CC
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
Z-
sc
or
e 
  
  
SF
BB
9a
lp
ha
  
MS
QV
RE
SE
TP
ED
QV
VE
IL
SR
LP
PK
SL
MR
FK
CI
RK
SW
CT
II
NS
SS
FV
AK
HL
SN
SI
DN
KL
SS
ST
GI
LL
NR
CQ
VH
VF
SD
RS
WK
QD
VF
WS
MI
NL
SI
DS
DK
NN
LY
YD
VE
DL
NI
PF
PM
ED
QD
NV
EL
HG
YC
NG
IV
CV
IV
GK
NV
LL
CN
PA
TG
EF
RQ
LP
DS
SL
LL
PL
PK
GR
FG
LE
TV
FK
GL
GF
GY
DC
KA
KE
YK
VV
RI
IE
NC
DC
EY
SE
GE
MU
ST
ER
  
 
2j
kb
A
 1
1
 8
7
0.
93
 
-F
QL
IF
QS
-G
DS
TQ
AN
YF
-R
IP
--
TL
YT
LS
S-
--
--
-R
VL
--
--
SI
DA
RY
GG
TH
DS
KS
KI
NI
AT
SY
SD
DN
GK
AM
KF
ND
YE
EQ
LV
YW
PR
DN
KL
KN
SQ
IS
GS
AS
FI
DS
SI
VE
DK
KS
GK
TI
LL
AD
VM
PA
G-
--
IG
NN
NA
NK
AD
SP
TN
YI
AM
TS
WE
QF
KL
LP
PF
LG
EK
HN
GT
YL
CP
GQ
GL
AL
KS
SN
RL
IF
AT
YT
SG
--
--
--
--
HH
SE
AR
CH
2e
31
A
 1
2
 6
0 
  
  
3.
09
 
-A
VE
YL
AE
LP
EP
LL
LR
VL
AE
LP
AT
EL
VA
CR
LV
CL
RW
KE
LV
DG
AP
LW
LL
KC
QQ
EG
--
LV
PE
--
--
--
--
--
--
--
--
--
--
ER
DH
WQ
QF
YF
LS
-K
RR
RN
LL
R-
--
--
--
-N
PC
-G
E-
--
--
--
--
ED
--
--
-L
EG
WS
DV
EH
GG
DG
WK
VE
EL
PG
DN
GV
ET
QD
D-
--
--
--
--
--
--
--
--
--
-S
VK
KY
FA
SS
FE
W-
--
--
--
SP
3
  
  
  
  
2o
vp
B
 1
0
 9
5
1.
79
 
FQ
RD
FI
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
E-
--
--
--
--
--
PL
HI
KV
IK
PG
FI
HS
PW
KS
AY
IR
QH
RI
DT
NW
RR
GE
LK
SP
KV
LK
GH
DD
HV
IT
CL
QF
CG
NR
IV
SG
SD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
-T
LV
GH
TG
GV
WS
SQ
MR
DN
II
IS
GS
TD
RT
ET
GE
CI
HT
LY
GH
TS
TV
RH
LH
PR
OS
PE
CT
2
1q
fm
A
 0
6
 9
6
1.
98
 
ML
SF
QY
PD
VY
RD
ET
AA
WL
ED
PD
SE
QT
KA
FV
EA
QN
KI
TV
PF
LE
QP
IR
GL
YK
ER
MT
EL
YD
YP
KY
SC
HF
KK
GK
RY
FY
FY
NT
GL
QN
QR
VL
YV
--
-Q
DS
LE
GE
AR
VF
LD
PN
IL
SD
DG
TV
AL
RG
YA
FS
ED
GE
YF
AY
GL
KF
SM
AW
TH
DG
KG
MF
YN
AY
PQ
QD
GK
SD
GT
ET
ST
NL
HQ
KL
YY
HV
LG
TD
QS
ED
IL
CA
--
--
EF
PD
EP
KW
MG
PP
A-
I
  
  
  
  
3h
xj
A
 0
9
 7
7
0.
79
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
KW
EF
LI
GN
SI
DS
SP
IL
AK
NG
TI
YL
GS
SN
KN
LY
AI
NT
DG
SV
KW
FF
KS
GE
II
EC
RP
SI
GK
DG
TI
YF
GS
DK
VY
AI
NP
DG
TE
KW
RF
DT
SD
FT
IF
ED
IL
YV
TS
DG
HL
YA
IN
TD
GT
EK
WR
FK
TK
KA
IY
AT
PI
VS
ED
GT
IY
VG
SN
YL
YA
IN
PD
GT
EK
WR
FK
TN
DA
IT
SA
AS
IG
HH
SE
AR
CH
 I
2u
vk
A
 1
2
 6
2
1.
90
 
--
--
--
--
--
--
--
--
--
SV
LP
ET
P-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-V
PF
KS
GT
--
--
GA
ID
ND
TV
YI
GL
GT
AW
YK
LD
TQ
AK
KW
TA
LA
AF
PG
-G
P-
--
--
-R
DQ
AT
SA
FI
--
--
--
--
DG
-N
LY
VF
GG
IG
K-
--
--
--
SP
AR
KS
  
  
  
  
1p
22
A
 1
2
 9
2
1.
50
 
ML
QR
DI
TA
LP
DH
IA
EN
IL
SY
LD
AK
SL
CA
AE
LV
CK
EW
YR
VT
SD
G-
ML
WK
KL
IE
RM
VR
TD
SL
WR
GL
AE
RR
GW
GQ
YL
FP
PN
SF
YR
AL
YP
KI
IQ
DI
ET
IE
SN
WR
CG
RH
SL
QR
IH
CR
SE
TS
KG
VY
CL
QY
DD
IV
SG
LR
DN
TI
KI
WD
KN
TL
EK
RI
LT
GH
TG
SV
--
--
LC
LQ
YD
ER
VI
IT
GS
-S
DS
TV
NT
GE
ML
NT
LI
HH
CE
AL
RF
NN
SA
M 
T9
9
  
  
  
  
2w
oz
A
 1
3
 4
6
1.
06
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
AE
QI
PR
NH
SS
IV
TQ
QN
QV
YV
VG
GL
YV
PL
QS
YF
FS
LD
SV
LC
YD
PV
AA
--
KW
SE
VK
NL
PI
K-
--
-V
YG
HN
VI
SH
NG
MI
YC
LG
TN
RV
FI
YN
PK
KG
DW
KD
LA
PM
KT
--
--
--
--
--
-P
RS
MF
GV
AI
--
--
--
HK
GK
IV
IA
GG
VT
ED
GL
--
--
MU
ST
ER
  
  
  
  
2b
wr
A
 1
1
 9
2
0.
92
 
--
SV
VV
QA
LP
VP
TV
AD
LV
GF
GN
-G
GV
YI
IR
--
--
--
NS
LL
IQ
VV
KV
IN
NF
GY
DA
GG
WR
VE
KH
VR
LL
AD
TT
GD
NQ
SD
GF
GE
NG
VW
IS
TN
NG
NN
TF
VD
PP
KM
VL
AN
FA
YA
AG
GW
RV
EK
HI
RF
MA
DL
RK
IV
GF
GD
GG
IY
IS
RN
NG
GG
Q-
--
FA
PA
QL
AL
NN
FG
YA
QG
WR
LD
RH
LR
FL
AD
VT
GD
GL
LD
VV
GF
--
GE
NQ
VY
IA
RN
HH
SE
AR
CH
3m
ks
A
 1
2
 8
9
2.
03
 
LK
RD
LI
TS
LP
FE
IS
LK
IF
NY
LQ
FE
DI
IN
SL
GV
SQ
NW
NK
II
RS
TS
LW
KK
LL
IS
EN
FV
SP
FV
PQ
RT
LR
GH
MT
SV
IT
CL
QF
-E
DN
--
--
--
YV
IT
GA
DD
KM
IR
VD
SI
NK
FL
LQ
LS
GH
DG
GV
WA
LY
AH
GG
LV
SG
ST
DR
TV
RV
WD
IK
KG
CC
TH
VF
EG
HN
ST
-V
RC
LD
IV
EY
NI
KY
IV
TG
SR
D-
--
--
-N
TL
HV
WK
LP
K-
--
-S
VR
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
20
  
  
  
  
  
  
  
  
 2
40
  
  
  
  
  
  
  
  
 2
60
  
  
  
  
  
  
  
  
 2
80
  
  
  
  
  
  
  
  
 3
00
  
  
  
  
  
  
  
  
 3
20
  
  
  
  
  
  
  
  
 3
40
  
  
  
  
  
  
  
  
 3
60
  
  
  
  
  
  
  
  
 3
80
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
CC
SC
CC
CC
CC
CS
SS
SC
CC
CC
CC
CC
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
CC
CS
SS
SS
SC
CC
CS
SS
SS
SS
CC
CC
SS
SS
SS
CC
CC
CC
CC
CC
CC
SS
SS
SC
CC
CS
SS
SS
SS
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
SS
SS
SS
SS
CC
CC
CC
CC
CS
SS
SC
CC
SS
SS
SS
SC
CS
SS
SS
SC
CC
CS
SS
SS
SC
CC
CC
CS
SS
SS
SC
CC
CC
CC
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
ES
YY
ER
IL
LP
HT
AE
VY
TM
TA
DS
WK
EI
KI
DV
SS
DT
DP
YC
IP
YS
CS
VY
LK
GF
CY
WF
AC
DN
GE
YI
FS
FD
LG
DE
IF
HI
IE
LP
SR
RE
FG
FK
FY
GI
FL
YN
ES
IT
SY
CS
RY
EE
DC
KL
FE
IW
VM
DD
YD
GV
KS
SW
TK
LL
AV
GP
FK
DI
DY
PL
TL
GK
FD
EV
LM
LG
SY
GR
AA
FC
NS
ST
GN
LK
YL
HI
PP
II
NW
MI
DY
VK
SI
VP
VK
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
-E
LT
YL
IS
DD
SG
QT
WK
KS
SA
SI
PF
KN
AT
AE
A-
--
QM
VE
LD
GV
IR
TF
FR
TT
TG
KI
AY
MT
SR
DS
YI
DG
IQ
QT
SY
GT
QV
SA
IK
YS
QL
ID
GK
EA
VI
LS
TP
NS
RS
GQ
LV
VG
LV
NK
ED
DS
I-
DW
KY
HY
DI
DL
PS
YG
YA
AI
TE
LP
NH
HI
GV
LF
EK
Y-
--
--
--
DS
WS
RN
EL
HL
SN
V-
--
-V
QY
ID
--
LE
IN
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
-C
RK
AQ
VI
DL
AE
GY
WE
EL
LD
TT
--
QP
AI
VV
KD
WY
SG
RT
DA
GS
LY
EL
LS
EN
ED
VL
AE
FA
TG
QV
--
--
-A
VP
E-
-D
GS
WM
EI
--
--
--
--
-S
HT
FI
DY
GP
GV
RF
VR
FE
HG
GQ
D-
--
SV
YW
KG
W-
--
--
--
--
FG
A-
--
--
--
--
RV
T-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-N
SS
VW
V-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
EK
RV
VS
GS
RD
AT
LR
VW
DI
ET
GQ
CL
HV
LM
GH
VA
AV
RC
VQ
YD
GR
RV
VS
GD
FM
VK
VW
DP
ET
ET
CL
HT
LQ
GH
TN
RV
YS
LQ
FG
IH
VV
SG
SL
DT
SI
RV
WD
VE
TG
NC
IH
TL
TG
HQ
SL
TS
GM
EL
KD
AD
ST
VK
IW
QC
LQ
TL
QG
PN
KH
QS
AT
CL
QF
NK
NF
VI
TS
DD
GT
VK
LW
DL
KT
GE
FI
RN
LV
TL
ES
GG
SG
GV
VW
R-
--
IR
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
GA
EL
SD
DG
RY
VL
LS
IR
EG
DP
VN
WY
CD
LQ
QE
SN
GI
TG
IL
KW
VK
LI
DN
FE
GE
YD
YV
TN
EG
TV
FT
FK
TN
RH
SP
NY
RL
IN
ID
FT
DP
EE
SK
WK
VL
VP
EH
EK
DV
LE
WV
AC
VR
S-
NF
LV
LC
YL
HD
VK
--
--
--
NT
LQ
LH
DL
AT
GA
LL
KI
FP
LE
VG
SV
VG
YS
KK
DT
EI
FY
QL
SP
GI
IY
HC
DL
TK
EE
LE
PR
VF
RE
VT
VK
GI
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
KD
GT
IY
FG
SD
KV
YA
IN
PD
GT
EK
WN
FY
AG
YW
TV
TR
PA
--
--
--
--
IS
ED
GT
IY
VT
SL
DG
--
HL
YA
IN
PD
GT
EK
WR
FK
TG
KR
IE
SS
P-
--
--
-V
IG
NT
DT
IY
FG
SY
DG
--
--
-H
LY
AI
NP
DG
T-
--
--
-E
KW
NF
ET
GS
WI
IA
TP
VI
DE
NG
TI
YF
GT
RN
GK
FY
AL
FN
--
--
--
--
--
--
--
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
-N
SE
GL
TQ
VF
ND
VH
KY
NP
KT
NS
WV
KL
-S
--
HA
P-
--
--
AG
-H
VT
FV
HN
GK
AY
VT
GG
VN
QK
FL
LS
FD
PS
TQ
QW
SY
AE
SP
WY
GT
A-
--
GA
AV
VN
KG
DK
TW
LI
NG
EA
KP
GL
RT
DA
VF
EL
D-
FT
--
-L
KW
NK
LA
PV
SS
PD
GV
AG
GF
AG
IS
ND
SL
IF
AG
GA
YS
TD
IH
LW
H-
--
WD
KS
GE
LS
AY
GV
SL
PW
NN
SL
LI
IG
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
GM
MV
T-
CS
KD
RS
IA
VW
DM
AS
PT
DI
TL
RR
VL
VG
HR
AA
VN
V-
--
--
VD
FD
DK
-Y
IV
SA
SG
DR
TI
KV
WN
TS
TE
FV
RT
LN
--
--
--
GH
KR
GI
AC
LQ
YR
DR
LV
VS
GS
--
--
SD
NT
IR
LW
DI
EC
--
--
--
-G
AC
LR
VL
EG
HE
E-
-L
VR
CI
RF
DN
KR
IV
SG
YD
GK
IK
VW
DL
VA
AL
DP
RA
PA
GT
LC
LR
TL
VE
HS
GR
VR
LQ
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
-S
AS
VE
AF
DL
KT
NK
WE
VM
TE
FP
QE
RS
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
SI
SL
VS
LA
GS
LY
AI
MI
QE
FA
PT
EV
ND
IW
KY
ED
D-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
SG
NG
TF
QP
AQ
AV
VN
NF
CI
GA
GG
WT
--
--
--
-I
SA
HP
RV
VA
DL
TG
--
-D
RK
AD
IL
GF
GV
AG
VY
TS
LN
NG
NG
TF
GA
VN
LN
SG
WR
VE
KH
VR
CV
SS
LT
NK
KV
GD
II
GF
GD
A-
--
-G
VY
VA
LN
NG
NG
TF
GP
VK
RV
ID
NF
WR
VD
KH
PR
FV
VG
DG
DI
VG
FG
EN
SV
WA
CM
NK
GD
GI
MK
LI
DD
MT
VL
QK
TV
RY
AA
NL
YL
--
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
TV
IV
VS
GS
YD
NT
LI
VW
DV
AQ
MK
CL
YI
L-
-S
GH
TD
RI
Y-
--
--
ST
IY
DE
RK
R-
CI
SA
SM
DT
TI
RI
WD
LE
NG
EL
MT
LQ
GH
T-
--
--
-A
LV
GL
LR
LS
DK
--
FL
VS
A-
-A
AD
GS
IR
GW
DA
ND
--
-Y
S-
--
-R
KF
SY
H-
HT
NL
SA
IT
TF
YV
SD
NI
LV
SG
SE
NQ
FN
IY
NL
RS
GK
LV
HA
NI
LK
DA
DW
SV
NF
KG
KL
VA
I-
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
0 
  
  
  
  
  
  
  
  
 4
0 
  
  
  
  
  
  
  
  
 6
0 
  
  
  
  
  
  
  
  
 8
0 
  
  
  
  
  
  
  
  
 1
00
  
  
  
  
  
  
  
  
 1
20
  
  
  
  
  
  
  
  
 1
40
  
  
  
  
  
  
  
  
 1
60
  
  
  
  
  
  
  
  
 1
80
  
  
  
  
  
  
  
  
 2
00
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
Th
re
ad
in
g
PD
B 
  
  
 %
id
  
  
%c
ov
  
  
No
rm
. 
  
  
  
Se
c.
St
CC
CC
CH
HH
CC
HH
HH
HH
HH
HH
CC
HH
HH
HH
HH
HH
HH
HH
HH
HC
CC
CH
HH
HH
HC
CC
CC
CC
CC
CC
CC
SS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CS
SS
SC
CC
CC
CS
SS
SC
CC
CC
SS
CH
HC
CC
CS
SS
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
SS
SS
SS
CC
CC
CC
SS
SS
SS
SC
CC
CC
CC
CC
CC
Pr
og
ra
m 
  
  
  
  
hi
t 
  
  
  
  
  
  
  
  
  
  
Z-
sc
or
e 
  
  
SF
BB
9b
et
a 
  
MS
QV
RE
SE
TL
ED
KV
VE
IL
SK
LP
PK
SL
MR
FK
CI
RK
SW
CT
II
NS
PS
FV
AK
HL
NN
SM
DY
KL
SS
TT
CI
LL
NR
CQ
VH
VF
PD
RS
WK
QD
VF
WS
MI
NL
SI
DS
DE
HN
LH
YD
VE
DI
NI
PF
PM
ED
QD
NV
EL
HG
YC
NG
IV
CV
IV
GK
NV
LL
CN
PA
TG
EF
RQ
LP
NS
PL
LL
PL
PK
GR
FG
LE
TT
FK
GM
GF
GY
DC
KS
KE
YK
VV
RI
IE
NC
DC
EY
SD
DG
MU
ST
ER
  
  
  
  
2j
kb
A
 1
0
 8
8
0.
95
 
FQ
LI
FQ
S-
-G
DS
TQ
AN
YF
-R
IP
--
TL
YT
LS
--
--
--
-R
VL
--
--
SI
DA
RY
GG
TH
DS
KS
KI
NI
AT
SY
SD
DN
IF
AM
KF
ND
YE
EQ
LV
YW
PR
DN
KL
KN
SQ
IS
GS
AS
FI
DS
SI
VE
DK
KS
GK
TI
LL
AD
VM
PA
G-
--
IG
NN
NA
NK
AD
SP
TN
YI
AM
TS
WE
QF
KL
LP
PF
LG
EK
HN
GT
YL
CP
GQ
GL
AL
KS
SN
RL
IF
AT
YT
SG
E-
--
--
--
HH
SE
AR
CH
2e
31
A
 1
4
 6
0
3.
07
 
-A
VE
YL
AE
LP
EP
LL
LR
VL
AE
LP
AT
EL
VA
CR
LV
CL
RW
KE
LV
DG
AP
LW
LL
KC
QQ
EG
LV
PE
--
--
--
--
--
--
--
--
ER
DH
--
--
--
WQ
QF
YF
LS
--
--
--
--
-K
RR
RN
LL
RN
PC
GE
-E
--
--
--
--
-D
--
--
-L
EG
WS
DV
EH
GG
DG
WK
VE
EL
PG
DN
GV
EF
TQ
DD
--
-S
VK
--
-K
YF
--
AS
SF
EW
CR
--
--
--
--
--
--
--
--
SP
3
  
  
  
  
2o
vp
B
 1
2
 9
5
1.
78
 
MM
QV
II
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
L-
--
--
--
--
--
-H
IK
VI
KP
GF
IH
SP
WK
SA
YI
RQ
HR
ID
TN
WR
RG
EL
KS
PK
VL
KG
HD
DH
VI
TC
LQ
FC
GN
IV
SG
SD
DN
TL
KV
WS
AV
TG
KC
LR
--
--
-T
LV
GH
TG
GV
WS
SQ
MR
DN
II
IS
GS
TD
RT
ET
GE
CI
HT
LY
GH
TS
TV
RH
LH
PR
OS
PE
CT
2
1k
b0
A
 0
7
 9
7
1.
92
 
TG
--
--
--
-P
AA
QA
AA
AV
QR
VD
GD
FI
RA
NA
YV
SA
SW
SV
VH
YD
PQ
ID
RS
TG
FK
GC
CD
VV
NR
GV
AL
WH
QN
TF
EG
QK
GS
LT
IT
GA
PR
VF
KG
KV
II
GN
GG
AE
YG
VR
GY
IT
AY
DA
ET
GE
RK
WR
WF
SV
PG
DP
GG
GG
TM
WD
SM
TF
DA
EL
NT
MY
VG
TG
NG
SP
WS
HK
VR
SP
KG
GD
NL
YL
AS
IV
AL
DP
DT
GK
YK
WH
YQ
ET
PG
DN
WD
YT
ST
PP
A-
I
  
  
  
  
3f
w0
A
 0
8
 8
0
0.
82
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-H
HH
HH
HV
EE
EL
DW
PG
VY
LL
PG
QV
SG
VA
LD
SK
NN
LV
IF
HR
GD
HV
WD
GN
SF
DS
KF
VY
QQ
RG
LG
PI
EE
DT
IL
VI
DP
NN
AE
IL
QS
SG
KN
LF
YL
SI
DT
DG
NY
WV
TD
VA
LH
QV
FK
LD
PH
SK
EG
PS
MQ
PG
SD
QN
HF
CQ
PT
DV
AV
EP
ST
GA
VF
VS
DG
--
--
--
--
--
--
HH
SE
AR
CH
 I
2u
vk
A
 1
2
 6
2
1.
99
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
SV
LP
ET
--
PV
PF
KS
GT
--
--
GA
ID
ND
TV
YI
GL
GT
AW
YK
LD
TQ
AK
KW
TA
LA
AF
PG
-G
PR
--
--
--
DQ
AT
SA
FI
--
--
--
--
DG
-N
LY
VF
GG
IG
KN
S-
--
--
SP
AR
KS
  
  
  
  
2o
vp
B
 1
3
 9
1
1.
55
 
MM
QV
II
SL
LP
KE
LA
LY
VL
SF
LE
PK
DL
LQ
AA
QT
CR
YW
RI
LA
ED
NL
LW
RE
KC
KE
EG
ID
EP
--
--
--
--
--
--
LH
IK
VI
KP
GF
IH
SP
WK
SA
YI
RQ
HR
ID
TN
WR
RG
EL
KS
PK
VL
KG
HD
DH
VI
TC
LQ
FC
GN
RI
VS
GD
DN
TL
KV
WS
AV
TG
KC
LR
T-
--
--
LV
GH
TG
GV
WS
SQ
MR
DN
II
IS
GS
TD
RA
ET
GE
CI
HT
LY
GH
TS
TV
RD
IE
SA
M 
T9
9
  
  
  
  
2w
oz
A
 1
3
 4
6
1.
20
 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-L
AE
QI
PR
NH
SS
IV
TQ
QN
QV
YV
VG
VV
AG
KD
LQ
TE
AS
LD
SV
LC
YD
PV
AA
KW
SE
VK
--
NL
PI
K-
--
-V
YG
HN
VI
SH
NG
MI
YC
LG
TN
RV
FI
YN
PK
KG
DW
KD
LA
PM
--
--
--
--
--
--
-K
TP
RS
MF
GV
AI
HK
G-
--
-K
IV
IA
GG
VT
ED
GL
--
--
MU
ST
ER
  
  
  
  
3f
gb
A
 1
0
 8
3
0.
93
 
--
--
--
--
--
--
--
-D
LT
I-
-D
SK
GL
YS
FR
--
--
--
--
-F
NE
EN
GT
AT
AL
SE
AE
VE
NP
SY
--
LV
PS
AD
GK
FI
YA
VS
EF
SN
EQ
AA
AN
AF
AF
NK
EE
GT
FR
LL
NT
--
--
--
-Q
KT
GG
ED
PC
YI
IT
NG
SN
VV
TA
NY
SG
GS
IS
VF
PI
DK
DG
SL
LP
AS
EV
VF
KG
SG
AD
KE
RQ
EK
PH
LH
CV
RI
TP
DG
K-
-Y
LF
AD
DL
GT
D-
--
--
--
HH
SE
AR
CH
3m
ks
A
 1
1
 8
8
1.
99
 
--
--
LI
TS
LP
FE
IS
LK
IF
NY
LQ
FE
DI
IN
SL
GV
SQ
NW
NK
II
RS
TS
LW
KK
LL
IS
EN
FV
PK
FV
PQ
RT
LR
GH
MT
SV
IT
CL
QF
E-
DN
YV
IT
G-
--
--
-A
DD
KM
IR
VD
SI
NK
KL
QL
SG
HD
GG
VW
AL
KA
HG
GI
LV
SG
ST
DR
TV
RV
WD
IK
KG
CC
TH
VF
EG
HN
ST
VR
-C
LD
IV
EY
KN
IK
YI
VT
GS
--
--
RD
-N
TL
HV
WK
LP
K-
--
--
GH
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 2
20
  
  
  
  
  
  
  
  
 2
40
  
  
  
  
  
  
  
  
 2
60
  
  
  
  
  
  
  
  
 2
80
  
  
  
  
  
  
  
  
 3
00
  
  
  
  
  
  
  
  
 3
20
  
  
  
  
  
  
  
  
 3
40
  
  
  
  
  
  
  
  
 3
60
  
  
  
  
  
  
  
  
 3
80
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
 |
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
CC
CC
CC
CC
CC
CS
SS
SS
SC
CC
CC
CC
CC
CC
CC
CC
CC
CC
SS
CC
CC
CC
SS
SC
CS
SS
SS
SC
CC
CC
SS
SS
SS
CC
CC
SS
SS
SS
CC
CC
CC
CC
CC
CC
SS
SS
SC
CC
SS
SS
SS
SS
CC
CC
CS
SS
SS
SS
SC
CC
CC
CC
SS
SS
SS
SS
CC
CC
CC
CS
SS
SS
SC
CC
SS
SS
SS
SC
CS
SS
SS
SC
CC
CS
SS
SS
CC
CC
CS
SS
SS
SS
SS
SS
SS
CC
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
ES
YY
ER
IL
LP
HT
AE
VY
TM
TA
NS
WK
EI
KI
DI
SI
ET
RW
YC
IP
YS
GS
VY
LN
GF
CY
WF
AY
DN
GE
YV
FS
FD
LG
DE
IF
HK
ID
LP
SR
RE
SD
FK
FY
GI
FL
YN
ES
VT
SY
CY
RH
EE
DC
EL
FE
IW
VM
DD
YD
GV
KS
SW
TK
LL
TI
GP
LK
DI
DY
PL
TL
WK
CD
EV
LM
LG
SY
GR
AA
SC
NS
ST
GN
LR
YL
HI
PP
II
KW
MM
DY
VK
SI
VP
VQ
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
--
LT
YL
IS
DD
SG
QT
WK
KS
SA
SI
PF
KN
AT
--
AE
AQ
MV
EL
RD
GV
IR
TF
FR
TT
TG
KI
AY
MT
SR
DS
YI
DG
IQ
QT
SY
GT
QV
SA
IK
YS
QL
ID
GK
EA
VI
LS
TP
NS
RS
GQ
LV
VG
LV
NK
ED
DS
I-
DW
KY
HY
DI
DL
PS
YG
YS
AI
TE
LP
NH
HI
GV
LF
EK
Y-
--
--
--
DS
WS
RN
EL
HL
SN
VV
QY
ID
LE
IN
DL
--
-K
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
--
--
--
--
--
-K
AQ
VI
DL
QA
GY
WE
EL
LD
TT
PA
IV
VK
DW
Y-
-S
GR
-T
DA
GS
LY
EL
LS
EN
ED
VL
AE
FA
TG
QV
--
--
-A
VP
E-
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
DG
SW
ME
IH
TF
ID
YG
PG
VR
FV
RF
EH
GG
DS
VY
WG
WF
GA
RV
--
--
--
--
--
--
--
--
--
--
--
--
TN
SS
VW
V-
F
ig
u
r
e
C
.1
1
:
A
m
in
o
a
c
id
s
th
re
a
d
in
g
a
li
g
n
m
e
n
t
o
f
th
e
to
p
-t
e
n
te
m
p
la
te
s
id
e
n
ti
fi
e
d
b
y
L
O
M
E
T
S
th
re
a
d
in
g
p
ro
g
ra
m
s
fo
r
m
o
d
e
li
n
g
S
F
B
B
3
β
te
rt
ia
ry
st
ru
c
tu
re
.
2e
31
A
:
M
u
s
m
u
sc
u
lu
s
S
k
p
1
-F
b
s1
co
m
p
le
x
(M
iz
u
sh
im
a
et
a
l.
20
07
),
2o
v
p
B
:
H
u
m
an
F
b
w
7-
S
k
p
1-
cy
cl
in
E
co
m
p
le
x
(H
ao
et
a
l.
20
07
),
2u
v
k
A
:
E
sc
h
er
ic
h
ia
co
li
b
et
a-
p
ro
p
el
le
r
p
ro
te
in
Y
jh
T
(S
ev
er
i
et
a
l.
20
08
),
3m
k
sA
:
Y
ea
st
C
d
c4
/S
k
p
1
in
co
m
p
le
x
w
it
h
an
al
lo
st
er
ic
in
h
ib
it
o
r
S
C
F
-I
2
(O
rl
ic
k
y
et
a
l.
20
10
),
2j
k
b
A
:
S
tr
ep
to
co
cc
u
s
p
n
eu
m
o
n
ia
e
T
IG
R
4
S
ia
li
d
as
e
B
(G
u
t
et
a
l.
20
08
),
3f
w
0A
:
R
a
tt
u
s
n
o
rv
eg
ic
u
s
P
ep
ti
d
y
l-
gl
y
ci
n
e
al
p
h
a-
am
id
at
in
g
m
on
o
ox
y
ge
n
as
e
(C
h
u
fa
n
et
a
l.
20
09
),
1p
22
A
:
H
u
m
an
b
et
a-
T
rC
P
1-
S
k
p
1-
b
et
a-
ca
te
n
in
co
m
p
le
x
(W
u
et
a
l.
20
03
),
2b
w
rA
:
L
a
cr
ym
a
ri
a
ve
lu
ti
n
a
P
sa
th
y
re
ll
a
ve
lu
ti
n
a
le
ct
in
(C
io
ci
et
a
l.
20
06
),
1k
b
0
A
:
C
o
m
a
m
o
n
a
s
te
st
o
st
er
o
n
i
Q
u
in
oh
em
op
ro
te
in
al
co
h
ol
d
eh
y
d
ro
ge
n
as
e
(O
u
b
ri
e
et
a
l.
20
02
),
2w
oz
A
:
R
a
tt
u
s
n
o
rv
eg
ic
u
s
B
T
B
-K
el
ch
p
ro
te
in
K
rp
1
(G
ra
y
et
a
l.
20
09
).
 
 
 
 
Appendix C. Threading Alignments 239
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Appendix C. Threading Alignments 240
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Appendix C. Threading Alignments 241
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Table D.1: Materials catalog number and suppliers
Material Catalog No. Supplier
2-Propanol (Isopropranol) 190764 Sigma-Aldrich
3-(N-morpholino) propanesulfonic acid
(MOPS)
M1254 Sigma-Aldrich
40 % 37.5:1 acrylamide:bisacrylamide mix 10681.01 Promega
4-Nitrophenyl phosphate disodium salt
hexahydrate
N2765 Sigma-Aldrich
Acetic acid glacial (CH3COOH) 100056 Merck
Adenosine 3′,5′-cyclic monophosphate
sodium salt monohydrate (cAMP)
A6885 Sigma-Aldrich
Agarose 50180 Whitehead Scien-
tific
Amino acid set LAA21-1KT Sigma-Aldrich
Ammonium chloride (NH4Cl) 101145 Merck
Ammonium persulfate (APS) AX1340 Merck
Ammonium sulfate ((NH4)2SO4) 101216 Merck
Ampicillin 10835242001 Roche Diagnostics
Antifoam A6426 Sigma-Aldrich
Anti-Glutathione-S-Transferase
(GST)peroxidase conjugate antibody
A7340 Sigma-Aldrich
Bacteriological agar A5306 Sigma-Aldrich
BigDye R© Terminator v3.1 cycle sequenc-
ing kit
4337455 Applied Biosystems
BME vitamins 100× solution B6891 Sigma-Aldrich
Boric acid (H3BO3) B6768 Sigma-Aldrich
Bovine serum albumin (BSA) 10 711 454 001 Roche Diagnostics
Calcium chloride dihydrate (CaCl2- 2
H2O)
172570 Merck
Calcium nitrate tetrahydrate (Ca(NO3)2-
4 H2O)
102123 Merck
Cellulase from Aspergillus niger C1184 Sigma-Aldrich
Chloramphenicol C0378 Sigma-Aldrich
Chloroform 1024450250 Merck
Cobalt(II) chloride hexahydrate (CoCl2-6
H2O)
255599 Sigma-Aldrich
Coenzyme A hydrate C4282 Sigma-Aldrich
Complete, EDTA-free protease inhibitor
cocktail tablets
11 836 170 001 Roche Diagnostics
Coomassie brilliant blue R-250 B2025 Sigma-Aldrich
Copper(II) chloride dihydrate (CuCl2-2
H2O)
102733 Merck
Creatine kinase 10127566001 Roche
Creatine phosphate 10621714001 Roche
Cetyl trimethyl ammonium bromide
(CTAB)
H9151 Sigma-Aldrich
D(+)-Glucose monohydrate 108342 Merck
dATP N0440S New England Bio-
labs
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Table D.1 ... Continued
Material Catalog No. Supplier
Dimethyl sulfoxide (DMSO) 67-68-5 Roche Diagnostics
di-Potassium hydrogen phosphate trihy-
drate (K2HPO4-3 H2O)
119754 Merck
D-Mannitol M4125 Sigma-Aldrich
dNTP set #R0181 Fermentas
DTT D0632 Sigma-Aldrich
EconoTaq R© DNA polymerase LU30031-1 Lucigen
ethanol 100967 Merck
Ethidium bromide E1510 Sigma-Aldrich
Ethylene glycol-bis (2-aminoethylether)-
N,N,N′,N′-tetraacetic acid (EGTA)
E4378 Sigma-Aldrich
Ethylenediaminetetraacetic acid (EDTA) 324503 Merck
ExGen 500 R0511 Fermentas
FastDigest NcoI FD0573 Fermentas
FastDigest NdeI FD0583 Fermentas
FastDigest NheI FD0974 Fermentas
FastDigest NotI FD0594 Fermentas
FastDigest SmaI FD0663 Fermentas
FastDigest XbaI FD0684 Fermentas
FastDigest XhoI FD0694 Fermentas
Fetal bovine serum (FBS) 10091-148 Gibco Life Tech-
nologies
Folinic acid calcium salt hydrate 47612 Sigma-Aldrich
GeneRullerTM DNA ladder mix SM0331 Fermentas
Glutathione sepharose 17-5132-01 GE Healthcare Life
Sciences
Glycerol 356350 Merck
Glycine 3570 Merck
Glycogen G-1633 Sigma-Aldrich
Hams F12 21765 Gibco Life Tech-
nologies
Hi-DiTM formamide 4311320 Applied Biosystems
Hydrochloric acid (HCl) 109058 Merck
Isopropyl β-D-1-thiogalactopyranoside
(IPTG)
I5502 Sigma-Aldrich
Iron(III) chloride (FeCl3) 803945 Merck
Kanamycin sulfate 10106801001 Roche Diagnostics
Kinetin (C10H9N5O) K0753 Sigma-Aldrich
L-Glutamic acid 49601 Sigma-Aldrich
L-Glutathione reduced G4251 Sigma-Aldrich
Lysozyme 4403 Merck
Magnesium acetate tetrahydrate
Mg(CH3COO)2-4 H2O
M2545 Sigma-Aldrich
Magnesium chloride hexahydrate (MgCl2-
6 H2O)
172571 Merck
Magnesium sulfate anhydrous (MgSO4) 106067 Merck
Manganese(II) chloride tetrahydrate
(MnCl2-4 H2O)
M8054 Sigma-Aldrich
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Table D.1 ... Continued
Material Catalog No. Supplier
Methanol 106035 Merck
Microsep amicon ultra-15 UFC903024 Millipore
Monoclonal anti-polyhistidine-peroxidase
antibody
A7058 Sigma-Aldrich
3-(N-morpholino)propanesulfonic acid
(MOPS)
1132-61-2 Roche Diagnostics
Murashige and Skoog Basal Salts with-
minimal organics (MSMO)
M6899 Sigma-Aldrich
Nicotinamide adenine dinucleotide
(NADH)
10128015001 Roche
Naphthaleneacetic acid (NAA) N0640 Sigma-Aldrich
Nickel(II) chloride hexahydrate (NiCl2-6
H2O)
106717 Merck
OmniPur R© polyethylene glycol 8 000
(PEG 8 000)
6510-OP EMD
OverExpressTM chemically competent
cells
60452-1 Lucigen
Pectinase from Rhizopus sp.
(Macerozyme R-10)
P2401 Sigma-Aldrich
Pfu DNA polymerase EP0501 Fermentas
pGEM-T easy vector system I A1360 Promega
Phenylmethylsulphonyl fluoride (PMSF) P7626 Sigma-Aldrich
Polyethylene glycol 6 000 817007 Merck
Polyvinylpyrrolidone (PVP40) PVP40 Sigma-Aldrich
Potassium acetate (CH3COOK) PX1330 EMD
Potassium chloride (KCl) 529552 Merck
Potassium hydroxide (KOH) 105033 Merck
Potassium phosphate monobasic
(KH2PO4)
P0662 Sigma-Aldrich
PreScission protease 27-0843-01 GE Healthcare
Prestained protein ladder SM0671 Fermentas
Protease Inhibitor Cocktail P8465 Sigma-Aldrich
Proteinase K 115 887 001 Roche Diagnostics
PVDF blotting membrane 3 010 040 Roche Diagnostics
Rapid DNA ligation kit FE K1421 Fermentas
Ribonucleoside triphosphate set 11277057001 Roche
Rifampicin R3501 Sigma-Aldrich
RNase A 10109142001 Roche Diagnostics
RTS pIVEX his6-tag, 2nd generation vec-
tor set
03 269 019 001 Roche
Rubidium chloride (RbCl) 107615 Merck
Sarkosyl L5777 Sigma-Aldrich
Sodium dodecyl sulfate (SDS) 822050 Merck
Shrimp alkaline phosphatase (SAP) M0290 New England Bio-
labs
SnakeSkin dialysis tubing 68100 Thermo Scientific
Sodium acetate (CH3COONa) 241245 Sigma-Aldrich
Sodium azide (NaN3) 106688 Merck
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Table D.1 ... Continued
Material Catalog No. Supplier
Sodium chloride (NaCl) 567440 Merck
Sodium hydroxide pellets (NaOH) 106482 Merck
Sodium molybdate dihydrate (Na2MoO4-
2 H2O)
106524 Merck
Sodium oxalate O0626 Sigma-Aldrich
Sodium phosphate dibasic heptahydrate
(Na2HPO4-7 H2O)
S9390 Sigma-Aldrich
Sodium selenite pentahydrate (Na2SeO3-
5 H2O)
71955 Fluka
Sodium sulfate (Na2SO4) 106643 Merck
Sucrose S0389 Sigma-Aldrich
T7 RNA polymerase 10881767001 Roche
TEMED T9281 Sigma-Aldrich
TMB 1-component membrane peroxidase
substrate
50-77-18 KPL
Tris (hydroxymethyl) aminomethane 108387 Merck
Triton X-100 108643 Merck
tRNA mixture (from strain MRE600) 10109541001 Roche
Trypton powder 1.07213 EMD
Tween-20 817072 Merck
Urea 66612 Merck
Whatman 3MM paper 3030-931 Whatman GmbH
Yeast extract 71279 Merck
Zeocin R250-01 Invitrogen
Zinc chloride (ZnCl2) 108816 Merck
Zinc sulfate heptahydrate (ZnSO4-7 H2O) 108883 Merck
β-Glycerophosphate, disodium salt, pen-
tahydrate
35675 Merck
β-Glycerophosphate, disodium salt, pen-
tahydrate (C3H7O6PNa2-5 H2O)
35675 EMD
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Table D.2: General stock solutions and buffers
Solution/Buffer Recipe
1000× trace metals mixture: FeCl3 50 mM, CaCl2 20 mM, MnCl2-4 H2O 10
mM, ZnSO4-7 H2O 10 mM, CoCl2-6H2O 2mM,
CuCl2-2H2O 2mM, NiCl2-6H2O 2mM, Na2MoO4-
2 H2O 2mM, Na2SeO3-5 H2O 2mM, H3BO3 2mM
(all sock solutions except FeCl3 were sterilized by
15min autoclaving separately).
10× SAP buffer: Tris-HCl (pH=8.0) 200 mM, MgCl2 100 mM.
17 aa (no C, Y, M): Each amino acids 10mg/ml (sterilized by filtra-
tion).
18 aa (no C, Y): 17 aa 7.14mg/ml each, Methionine 7.14mg/ml.
1× DNA polymerase buffer: Tris-HCl (pH=8.8) 200 mM, (NH4)2SO4 100 mM,
KCl 100 mM, BSA 1mg/ml, Triton X-100 1 %,
MgSO4 20 mM (sterilised by filtration).
1× PBS: NaCl 137mM, KCl 2.7mM, Na2HPO4 8mM,
KH2PO4 1.5 mM (adjusted pH to 8.0).
1× Running buffer: Tris-HCl 25 mM, Glycine 192mM, SDS 0. %.
1× STE buffer: Tris-HCl (pH=8.0) 50 mM, NaCl 300 mM, ZnCl2
5 mM, EDTA (pH=8.0) 1 mM, Triton-X 100 0.1
%.
1× TBE buffer: Tris base 10.8 g, Boric acid 5.5 g, EDTA 50 mM.
1× TE buffer: Tris-HCl (pH=8.0) 10 mM, EDTA (pH=8.0) 1
mM (sterilised by filtration)
25 % Aspartate (sodium salt) aspartic acid 1.88 M, NaOH 2 M (sterilized by
15min autoclaving).
2× CTAB: CTAB 2 %, Tris-HCl (pH=8.0) 100 mM, EDTA
(pH=8.0) 20 mM, NaCl 1.4 M, PVP 40 2 %, BME
0.2 % (added just before use).
2× YT media: Trypton powder 16 g/l, Yeast extract 10 g/l, NaCl
5 g/l (adjusted pH to 7.0 with NaOH and sterilized
by autoclaving).
50×M: Na2HPO4 1.25 M, KH2PO4 1.25 M, NH4Cl 2.5 M,
Na2SO4 0.25 M (sterilized by 15min autoclaving).
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Table D.2 ... Continued
Solution/Buffer Recipe
6× SDS-PAGE sample buffer: Tris-HCl (pH=6.8) 125 mM, SDS 2 %, Glycerol
20 %, Bromophenol blue 0.2 %.
Arabidopsis growth media: Sucrose 30 g/l, MSMO 4.43 g/l, 0.5ml of NAA
(1mg/ml ), 50µl/l of Kinetin (1 mg/l) (sterilized
by autoclaving).
Buffer I: Trisacetate (pH=8.2) 10 mM, Magnesium acetate
14mM, Potassium glutamate 60 mM, DTT 1 mM,
BME 0.05 % (v/v) (sterilized by filtration).
Buffer II: Tris-acetate (pH=8.2) 10 mM, Magnesium acetate
14mM, Potassium glutamate 60 mM, DTT 1 mM
(sterilized by filtration).
Destaining Solution: Methanol 45 %, Acetic acid 10 %.
DTT (1 M stock solution): DTT 1.54 g, Sodium acetate (pH=5.2, 0.01 M)
10 ml. (sterilised by filtration and stored in 1ml
aliquots at -20◦C).
Enzyme Solution: Cellulase 1 %, Macerozyme 0.2 % in MS-GM (ster-
ilized by filtration).
FeCl3: FeCl3 0.1 M, HCl 0.12 M (sterilized by filtration).
GST column elution buffer: 1× STE buffer contains 10-15 mM reduced glu-
tathione (adjusted pH to 8.0).
GST column regeneration buffer 1: Tris-HCl (pH=7.4) 100 mM, NaCl 500 mM.
GST column regeneration buffer 2: Sodium acetate (pH=4.5) 100 mM, NaCl 500 mM,
GST column wash buffer: 1× STE buffer (pH=8.0), EDTA 1 mM, Sodium
azide 0.02 %, DTT 1 mM and Triton-X 100 0.1 %.
GTE Solution: Glucose 50 mM, Tris-HCl (pH=8.0) 25 mM,
EDTA (pH=8.0) 10 mM.
IPTG (0.1 M stock solution): IPTG 1.2 g, dH2O 50 ml (sterilised by filtration
and stored in 1ml aliquots at -20◦C).
Luria agar: Trypton powder 10 g/l, Yeast extract 5 g/l, NaCl
5 g/l, Bacteriological agar 14 g/l (sterilised by au-
toclaving).
Luria broth (LB): Trypton powder 10 g/l, Yeast-extract 5 g/l, NaCl
5 g/l, Glucose 2 g/l (sterilised by autoclaving).
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Table D.2 ... Continued
Solution/Buffer Recipe
Lysis Solution: NaOH 0.2 N, SDS 1 %.
MDAG-135 (50 mM phosphate) with vi-
tamins:
Na2HPO4 25 mM, KH2PO4 25 mM, NH4Cl 50
mM, Na2SO4 5 mM, MgSO4 2mM, Glucose 0.35
%, Aspartate 0.1 %, Trace metals mixture 1×,
Vitamins (100× BME vitamins stock solution)
0.25×, 18 aa (no C and Y) 200µg/ml each.
Methionine Solution: Methionine 25mg/ml (sterilized by 15min auto-
claving).
Minimal media: Na2HPO4.7 H2O (pH=8.0-8.2) 50 mM, KH2PO4
(pH=8.0-8.2) 25 mM, NaCl 10 mM, MgSO4 5 mM,
CaCl2 0.2mM, Trace metals mixture 1×, Vita-
mins (100× BME vitamins stock solution) 0.25×,
NH4Cl 0.1 %, Glucose 1 %.
MonoQ column elution buffer: Tris-HCl 50 mM (pH=7.5), NaCl 1 M, DTT 1 mM
(sterilized by filtration and degas).
MonoQ column start buffer: Tris-HCl 50 mM (pH=7.5), NaCl 20 mM, DTT 1
mM (sterilized by filtration and degas).
MS-GM: MSMO 4.43 g/l, Glucose 30.5 g/l, Mannitol 30.5
g/l (adjusted pH to 5.5 with KOH and sterilized
by autoclaving).
MS-S: MSMO 4.43 g/l, Sucrose 96 g/l (adjusted pH to
5.5 with KOH and sterilized by autoclaving).
Neutralization Solution: Potassium acetate 3M (pH=4.8).
Osmotic shock Solution: Sucrose 40 %, Tris-HCl (pH=7.4) 33mM, EDTA
(pH=7.4) 1.5 mM.
PEG Solution: PEG 6 000 25 % (w/v), mannitol 0.4M,
Ca(NO3)2-4H2O 0.1M (adjust pH to 8.0 with
0.1M KOH overnight and sterilized by autoclav-
ing).
Phosphate buffer: KH2PO4 0.17 M, K2HPO4 0.17 M (adjusted
pH=8.0-8.2 with KOH and sterilized by autoclav-
ing).
Phenylmethylsulfonyl fluoride (PMSF)
(10 mM stock solution):
PMSF 17.4 g, Isopropanol 10 ml (stored in 1ml
aliquots at -20◦C).
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Table D.2 ... Continued
Solution/Buffer Recipe
PreScissionTM protease cleavage buffer: Tris-HCl (pH=7.0) 50 mM, NaCl 150 mM, DTT
1 mM, EDTA (pH=7.0) 1 mM
Protoplast protein extraction buffer: Tris-HCl (pH=7.7) 25 mM, MgCl2 10 mM, EGTA
15 mM, NaCl 150 mM, Nitro-phenyl-phosphate 15
mM, β-Glycerophosphate 15 mM, Tween-20 0.1
%, Glycerol 10 %.
RIPA buffer: Tris-HCl (pH=7.4) 50 mM, NaCl 150 mM, PMSF
1 mM, Protease inhibitor tablets 1×, Triton-X 100
1 %, Sodium deoxycholate 1 %, EDTA 1 mM.
Separating buffer: Tris-HCl (pH=8.8) 1.5 M (stored at 4◦C).
Stacking buffer: Tris-HCl (pH=6.8) 0.5 M (stored at 4◦C).
Staining solution: Glacial acetic acid 10 %, Methanol 40 %,
Coomassie R250 1 g.
Standard reaction mixture: HEPS-KOH (pH=8.5) 60 m M, ATP 1.5 mM,
1 mM each of CTP, GTP and UTP, DTT
2mM, tRNA mixture (from strain MRE600)
350µg/ml, cAMP 0.7mM, Potassium glutamate
230 mM, Ammonium acetate 80 mM, Magnesium
acetate 12mM, l-5-Formyl-5,6,7,8-tetrahydrofolic
acid (folinic acid) 35µg/ml, 20 Amino acids 2mM
each, PEG (8000) 2 %, Creatine phosphate (CP)
67mM, Creatine kinase (CK) 3.2µg/ml, Sodium
oxalate 3mM, Coenzyme A 0.3mM, NADH 0.35
mM, Rifampicin 10µg/ml, Antifoam 0.0007-0.007
%, T7 RNA polymerase 50-100µg/ml (optional)
and 0.27 % (v/v) of cell extract .
TB media: Tryptone powder 12 g/l, Yeast extract 24 g/l,
glycerol 8ml/l (sterilized by autoclaving), MgSO4
2mM, Trace metals mixture 1×, Vitamins (100×
BME vitamins stock solution) 0.25×, Phosphate
buffer.
TBS-T: Tris-HCl (pH=8.0) 50 mM, NaCl 150 mM, Tween-
20 0.1 %.
Transformation buffer-1 (Tfb-1): RbCl 100 mM, MnCl2 50 mM, Potassium acetate
10 mM, CaCl2 10 mM, Glycerol 15 % (adjusted pH
to 5.8 using acetic acid and sterilised by filtration).
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Table D.2 ... Continued
Solution/Buffer Recipe
Transformation buffer-2 (Tfb-2): MOPS 10 mM, RbCl 10 mM, CaCl2 75 mM, Glyc-
erol 15 % (adjusted pH to 6.8 using NaOH and
sterilised by filtration).
TY agar: Trypton powder 8 g/l, Yeast-extract 5 g/l , NaCl
5 g/l, Bacteriological agar 14 g/l (sterilised by au-
toclaving).
TY media: Trypton powder 8 g/l, Yeast extract 5 g/l , NaCl
5 g/l (sterilised by autoclaving).
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